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Sorption heat storage has the potential to store large amounts of thermal energy from renewables and
other distributed energy sources. This article provides an overview on the recent advancements on
long-term sorption heat storage at material- and prototype- scales. The focus is on applications requiring
heat within a temperature range of 30–150 C such as space heating, domestic hot water production, and
some industrial processes.
At material level, emphasis is put on solid/gas reactions with water as sorbate. In particular, salt
hydrates, adsorbents, and recent advancements on composite materials are reviewed. Most of the inves-
tigated salt hydrates comply with requirements such as safety and availability at low cost. However,
hydrothermal stability issues such as deliquescence and decomposition at certain operating conditions
make their utilization in a pure form challenging. Adsorbents are more hydrothermally stable but have
lower energy densities and higher prices. Composite materials are investigated to reduce hydrothermal
instabilities while achieving acceptable energy densities and material costs.
At prototype-scale, the article provides an updated review on system prototypes based on the reviewed
materials. Both open and closed system layouts are addressed, together with the main design issues such
as heat and mass transfer in the reactors and materials corrosion resistance. Especially for open systems,
the focus is on pure adsorbents rather than salt hydrates as active materials due to their better stability.
However, high material costs and desorption temperatures, coupled with lower energy densities at typ-
ical system operating conditions, decrease their commercial attractiveness. Among the main conclusions,
the implementation within the scientific community of common key performance indicators is suggested
together with the inclusion of economic aspects already at material-scale investigations.
 2016 The Authors. Published by Elsevier Ltd. This is an openaccess article under the CCBY license (http://
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The awareness of humankind’s role into climate change [1] and
the increasing energy intensity in developing and underdeveloped
countries [2] are among the main drivers for a more sustainable
production and use of energy. The energy grid consists of a system
in which multiple carriers are produced, transported, consumed,
and stored. The level of complexity of this system is constantly
increasing due to technological advancements such as energy pro-
duction systems with new requirements, transportation and stor-
age methods that are more efficient, new policies, and new types
of consumers and other stakeholders. The advance of renewable
energy sources, cogeneration, and intermittent power sources in
general, is drastically changing the requirements on the energy
grid. Some of the new energy production units are characterized
by relatively low and decentralized installed capacities, intermit-
tent and often unpredictable production patterns frequently driven
by the owner’s needs or by the source availability, and production
of multiple energy carriers. Therefore, the energy network is con-
stantly evolving [3,4] to cope with new types of stakeholders and
an increasing penetration of intermittent distributed production
sources. Storage of multiple energy carriers, demand side manage-
ment, exchange and relocation through conversion of energy carri-ers are among the main practices that the future system will have
to incorporate to gain the needed flexibility [5]. Energy storage is
useful to handle fluctuations in energy demand to spread the pro-
duction of energy needed during demand peaks over a different
time period and to make efficient use of fluctuating production
sources such as renewables, increase energy grid safety, and
improve the overall system efficiency [6]. In Table 1-1, an overview
of the main storage technologies, their costs, efficiencies, and typ-
ical response times is displayed.
Thermal energy storage is an attractive storage category because
in principle it can be more economical than other technologies, it has
a wide range of storage possibilities with storage periods ranging
from minutes to months, and finally because thermal energy domi-
nates the final energy use in sectors such as industry or household
(Fig. 1-1 left). Thermal energy storage can be divided into three main
categories according to how energy is stored: sensible heat (e.g.
water tanks, underground storage) [11–13], latent heat (e.g. ice,
phase change materials) [14–16], and sorption heat storage.
1.1. Sorption heat storage
Sorption heat storage implies the use of physical or chemical
bonds to store energy. The principle of sorption occurs during a
Table 1-1
Production costs, efficiencies and response times of energy storage technologies [7–9]. Maturity levels according to [10]: 1 = research and development; 2 = demonstration and
deployment; 3 = commercialization.
Storage technology Cost ($/kWh) Efficiency (%) Response time Maturity
Pumped Hydro 5–100 75–85 s/min 3
CAES 2–100 50–89 min 2
Flywheels 5000 93–95 s 1–2
Lead Acid Batteries 400 70–90 ms 3
Lithium-ion Batteries 2500 85–90 ms 2
Sodium Sulphur 300–500 80–90 ms 2
Ni-Cd Batteries 500–1500 60–65 ms 3
Flow Batteries 150–1000 75–85 ms 1–2
Capacitors 1000 60–65 instantaneous 3
Supercapacitors 2000 90–95 instantaneous 1
SMES 10,000 95–98 instantaneous 1
Sensible Heat 0.1–10 50–90 min 3
Latent Heat 10–50 75–90 min 2–3
Chemical Reactions 8–100 75–100 min 1
Lighng
3% Appliances
18%
Cooking
2%
DHW
12%
Space 
heang
65%
Fig. 1-1. Left: Dutch household energy consumption by end-use in 2012 [17]. Right: Sorption heat storage concept.
922 L. Scapino et al. / Applied Energy 190 (2017) 920–948reaction, and in order to take place, at least two components are
needed: a sorbent, which is typically a liquid or solid, and a sor-
bate, which is typically a vapor. During the charging process
(Fig. 1-1 right), an endothermic reaction occurs, and the sorbent
and sorbate are separated. The two components can then be stored
separately, ideally without energy losses. During the discharging
process, sorbent and sorbate react producing an exothermic reac-
tion that releases heat. The main advantages of sorption heat stor-
age are higher energy density and negligible heat losses compared
to a conventional thermal storage based on sensible heat. A con-
ventional water storage needs to be approximately five to ten
times larger than a sorption heat storage system for storing the
same energy. Since many years, the use of sorption heat storage
systems for long-term storage applications is being investigated
[18–22]. Previous review works on the topic are from N’Tsoukpoe
et al. [23], who reviewed long-term sorption energy storage tech-
nologies; Yu et al. [18], who reviewed solid and liquid sorption
materials and reactors; Solé et al. [24], who focused in particular
on reactors and systems for building applications; and Xu et al.
[19], who reviewed sensible, latent and chemical heat storage sys-
tems for seasonal storage applications. The aim of this work is to
provide an overview on the last advancements on sorption heat
storage technologies for long-term low-temperature applications
based on solid/gas reactions with water as sorbate. The focus of
this article is on the state of the research at material- and
prototype-scale. The current work is divided into two main sec-
tions. In Section 2, the focus is on sorption materials and current
advancements on their research. In Section 3, a review on the
state-of-the-art research on solid sorption storage systems is car-
ried out, and their performances are discussed and compared.2. Materials for sorption heat storage
The terminological framework of sorption heat storage has been
defined by Yu et al. [18], based on the work of many authors, and
this terminology will be adopted in the present work. Sorption
includes different phenomena, and it is a prerequisite for a chem-
ical process mediated by a surface. Sorption reactions can be
divided into two categories according to the sorption mechanism:
absorption and adsorption.
Absorption is defined as ‘‘the process of one material (absorbate)
being retained by another (absorbent)” [25]. It occurs at the sorbent
molecular level, and it alters the composition and morphological
structure of a solid sorbent. Therefore, during the process, a mate-
rial expansion typically occurs and significantly higher activation
energy than for adsorption is present. This energy is mainly related
to covalent bonding of atoms and molecules. Absorbents can be
liquids or solids, and the main difference is that their concentration
during the reaction process varies stepwise for solids or continu-
ously for liquids. Absorbates can be liquids or gases, which have
a different amount of binding energy released as heat of reaction.
If the absorbate is in liquid state, part of the binding energy is
needed to break the bonds within the liquid, therefore, only part
of it will be released as heat of reaction. For absorbents in vapor
state, all the binding energy is released as heat of reaction.
Adsorption is defined as ‘‘a phenomenon occurring at the inter-
face between two phases, in which cohesive forces act between the
molecules of all substances irrespective of their state of aggrega-
tion” [26]. Therefore, adsorption occurs at the surface of the adsor-
bent forming an extremely thin layer of atoms or molecules on the
adsorbent surface, while leaving its structure unaltered. No expan-
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Reaction
Solid
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Concentrated solutions of salts 
e.g. LiCl, MgCl2, LiBr, CaCl2, NaOH, H2SO4
Solution of Tri Ethylene Glycol (TEG)
Solution of NH3
Weak chemisorption of vapors in salts (hydrates)
e.g. water, ammonia, ethanol, methanol
Strong chemisorption e.g. metal hydride reactions,
oxide-hydroxide or oxide-carbonate reactions
Zeolites, silicagel, aluminophosphates,
metal-organic frameworks
Composites
Salt (e.g. CaCl2/LiBr/MgSO4/MgCl2) in porous matrix 
(e.g. silica gel/zeolites/graphite)
Solid Sorption
Fig. 2-1. Classification of sorption heat storage. Partially adapted from [18].
Table 2-1
Selection criteria for suitable sorption materials [20,27–29].
Sorption materials selection criteria
 High uptake of sorbate
 High energy density at system
operating temperatures
 Regeneration at relatively low
temperature
 Short regeneration time
 Good mass transport of the
sorbate
 Good heat transport from/to the
sorbent
 Reactions completely reversible
without secondary reactions
 High yield of reaction at charge
and discharge temperatures
 Large reaction enthalpy to max-
imize storage capacity
 Preferably components non-
reactive to O2
 Small molar volume of the prod-
ucts to minimize storage volume
 Small volume variation during
reaction
 High thermal conductivity
 Rapid separation of products dur-
ing storage
 Reaction compounds easy to
handle
 Non-toxic
 Non-flammable/explosive
 Non-corrosive
 Low-cost
 Material commercially available
L. Scapino et al. / Applied Energy 190 (2017) 920–948 923sion occurs and no or negligible activation energy is involved. A
further division among sorption phenomena can be made based
on the cohesive forces involved in the process: physisorption and
chemisorption. In physisorption, the sorption energy is typically
related to the weak intermolecular forces (Van der Waals forces)
and hydrogen bonding [25] and no activation energy is required.
In chemisorption, stronger covalent bonding is involved and in
some cases, it can be irreversible. Often, both processes can simul-
taneously happen, and a clear distinction cannot be made.
Yu et al. [18] divided sorption heat storage into four main cate-
gories: liquid absorption, solid adsorption, chemical reaction and
composite materials. This division emphasizes the predominant
type of reaction that occurs during the sorption processes. A simi-
lar subdivision is presented in Fig. 2-1, in which the ‘‘Composites”
sub-category is shared between the ‘‘Chemical Reaction” and the
‘‘Solid Adsorption” categories since both phenomena are present.
In order to use a sorption material for thermal energy storage
purposes, certain criteria should be met concerning the material
energy density, physical characteristics and safety. In Table 2-1,
the selection criteria for a sorption material for long-term low-
temperature heat storage purposes are shown. In principle, a high
uptake of sorbates leads to a high energy density. However, many
requirements concerning the kinetics are also present such as
regeneration temperature and time. Water is the preferred sorbate
because it is abundant, low cost and non-hazardous.
2.1. Solid sorption
Solid sorption materials can be divided into three categories
(Fig. 2-1): chemical reaction, solid adsorption and composites.
The chemical reaction category includes materials undergoing
solid/gas reactions in which an absorption process is predominant
but, in principle, also adsorption may be occurring. The solid
adsorption category includes purely adsorbent materials. Finally,
composite materials can be a combination of the abovementioned
categories including also inert components.
2.1.1. Chemical reaction
In the following paragraph, the chemical reaction materials cat-
egory is discussed. In particular, salt hydrates, hydroxides, carbon-
ates and ammoniates are presented. The emphasis is on materials
that can be suitable for long-term low-temperature heat storagepurposes. Therefore, materials with too high desorption tempera-
tures or too many unmet requirements from Table 2-1 are margin-
ally discussed.2.1.1.1. Salt hydrates. Extensive research on salt hydrates is being
carried out for thermal storage purposes. The main reasons are a
high theoretical energy density of the materials, desorption tem-
peratures achievable with waste heat sources and solar thermal
collectors, and discharge temperatures useful for low-
temperature heat applications such as space heating and domestic
hot water production. Currently, research at material level is still
ongoing due to technical drawbacks of salt hydrates, which are fur-
ther discussed in the following paragraphs. The general reversible
reaction of a salt hydrate can be written as follows:
Salt  nH2O ðsÞ þHeat $ Salt ðsÞ þ nH2O ðgÞ ð2:1Þ
The reversible reaction can take place in different steps at dif-
ferent desorption temperatures, and intermediate hydrates of the
salt can appear in the system. This is because the binding energy
of the water molecules increases with the decrease of the water
molecules into the salt molecular structure. For some practical
924 L. Scapino et al. / Applied Energy 190 (2017) 920–948applications of salt hydrates for sorption heat storage, only part of
the reversible reaction is considered. The reason can be that in
order to have a certain salt in its anhydrous form, a too high des-
orption temperature is required. Conversely, by having a com-
pletely hydrated form, deliquescence might occur and the
sorbate mass transfer into the system will be blocked causing
issues such as high pressure drops and ultimately system failure.
2.1.1.1.1. Magnesium sulfate. De/hydration reactions for
MgSO47H2O were investigated by van Essen et al. [30,31] due to
its suitability in a seasonal storage system operating at 13 mbar
of water vapor pressure achievable in a low temperature reservoir.
TGA/DSC/SEM/XRD and particle size distribution measurements
were carried out. A melting process for large particles (>200 lm)
at heating rates higher than 1 C/min was present at 52.5 C, reduc-
ing the effective bed porosity. During the second reaction step of
the experiment (55–265 C), the material released 5.9 H2O mole-
cules with an energy density of 2.2 GJ/m3 based on the solid den-
sity of the heptahydrate form, resulting in MgSO40.1H2O The
largest amount of energy could be stored below 90 C, since a sharp
mass loss took place below that temperature. Particle size had a
very limited effect on hydration. Therefore, the vapor mass transfer
resistance was not limiting the reaction for the investigated parti-
cle sizes (20–500 lm). Layer thickness, on the other hand, strongly
affected the hydration time: smaller thicknesses implied a faster
reaction. During dehydration/hydration cycles, cracks were
formed, and there was a formation of smaller particles. Material
pulverization is a typical and main issue occurring in salt hydrates,
since active material can be removed from the system thereby
reducing its energy density. Experiments under vacuum conditions
evidenced a maximum hydration temperature step of 4 C with a
water vapor pressure of 13 mbar. The main conclusion of the
authors was that a heat release above 50 C was not feasible for
this material. Ferchaud et al. [32,33] studied the material crystal
and grain-scale properties. MgSO47H2O was able to release six
molecules of water in two different reaction steps, at 30–45 C
and 60–75 C, respectively. However, the formation of the mono-
hydrate occurred gradually up to a temperature of 150 C under
a water vapor pressure of 13 mbar. At 60–75 C probably
MgSO42H2O was present, as expected by van Essen et al. [30].
The experiments were conducted with a moist air flow of
100 ml/min and a water vapor pressure of 13 mbar. Concerning
the material kinetics, Ferchaud [34] reported very slow reaction
rates at the abovementioned operating conditions. The author con-
cludes that MgSO4 is not indicated for seasonal heat storage appli-
cations since slow kinetics lead to too low power delivery,
especially in a full-scale reactor. An improvement in reaction kinet-
ics was obtained by increasing the water vapor pressure up to
50 mbar. However, the material should be maintained above
36 C to avoid overhydration, and saturated air at 33 C should
be provided to the system. Concerning the rehydration reaction,
other previous studies showed that there was a low temperature
lift under practical conditions for low-temperature heat storage.
In particular, Bertsch et al. [35] measured a maximum temperature
lift of 8 C, with a water vapor pressure of 12.5 mbar and an inlet
hydration temperature of 23 C. During their experiments, the
temperature lift was decreasing due to a decreasing reaction rate
caused by the vapor transport inhibition within the crystals. Also
Linnow et al. [36] analyzed the kinetics of hydration for MgSO4,
and they found that the rate-limiting step during hydration could
be due to the hydrated layer formed from outside to the inside of
the particle, limiting the water diffusion into the material. The
material water uptake was investigated by impregnating a solution
of magnesium sulfate in various porous glasses. For large pores
(1.7 lm), full hydration was not achieved. For the smallest pores
(7 nm), an aqueous solution was formed resulting from capillary
condensation. This phenomenon is of particular interest whencomposites are used in order to consider the correct amount of salt
content.
Finally, Donkers et al. [37] performed cyclability studies (7–13
cycles) on 1–2 mmgrains of four salt hydrates: CuCl2, CuSO4, MgCl2,
and MgSO4. The experimental procedure consisted in performing
temperature cycles over a range of 20–150 C. NMR is used in order
to measure the amount and location of water in the samples. The
authors suggested that the production of pore water affected the
material performance over the cycles. Moreover, grain fracturing
over the first cycles, as found also by Ferchaud [34], caused by the
sample volume change, increased the water mobility through the
grains thus increasing the dehydration/hydration rates. On the con-
trary, during the rehydration phases, the hydrated layer on the
outer part of the grain reduced the water mobility thus leading to
partial hydration of the samples. MgSO4 showed a decrease in the
kinetics and a final rehydration level of 15% after 7 cycles.
2.1.1.1.2. Sodium sulfide. The first studies on Na2S for heat storage
purposes are from Brunberg et al. [38–40], who studied the poten-
tial of this material to store thermal energy in a domestic environ-
ment. The authors built different prototypes (0.6 kg, 500 kg, and
7000 kg of salt) to demonstrate the proof of concept and its appli-
cability in a domestic environment.
De Boer et al. [41,42] characterized sodium sulfide for a solid/
gas reaction chemical heat pump to be used in buildings for space
cooling purposes. The aim of the authors was to prove the exis-
tence of a phase close to Na2S2H2O, and to determine its p-T equi-
librium line. During dehydration, with 17 mbar of water vapor
pressure, the first reaction step was not completed before the melt-
ing point of Na2S9H2O (49 C). Thus, partial melting occurred. The
second dehydration step, from the pentahydrate to a lower water
content form, started at 60 C up to approximately 90–100 C. High
heating/cooling rates limited heat and mass transfer, and a hys-
teresis effect was observed. In addition, the melting of the material
formed a more compact structure causing the same consequences.
Subsequently, cellulose was added to prevent porosity loss during
the melting process. An energy density of approximately 1.93 GJ/
m3 referred to the anhydrous salt was measured. Operating condi-
tions under vacuum, a high corrosiveness of the material and
potential production of toxic H2S are the main drawbacks for the
utilization of this material [43].
2.1.1.1.3. Magnesium chloride. Magnesium chloride has been lar-
gely investigated as a promising sorption material due to its rela-
tively high energy density. Huang et al. [44] investigated the
decomposition mechanism of MgCl26H2O up to the anhydrous
phase, at 600 C with TGA/DSC/SEM/XRD measurements. Five dis-
tinct endothermic peaks were identified during the dehydration
process. HCl formation below 203 C was impeded by immerging
the sample into an HCl atmosphere. For heat storage at low-
temperature purposes, the most interesting hydration states are
the dihydrate, tetrahydrate and hexahydrate forms. The main issue
of this material, and for chlorides in general, is its instability at
both low and high temperatures [32]. Therefore, controlled operat-
ing conditions in terms of water vapor pressure and temperature
are required. At low temperature, approximately below 40 C,
and ambient humidity, overhydration and deliquescence occur,
causing the formation of an outer layer on the material grains. This
impedes the mass transfer and causes the formation of a salt solu-
tion, which leads to irreversible changes in the material porosity.
At high temperature, above 100 C formation of HCl can be an issue
and causes material degradation. Ferchaud et al. [45] confirmed
the promising characteristics of MgCl2 6H2O, which was tested
in rehydration mode in an experimental open system reactor of
20 l at 12 mbar of water vapor pressure and 10 C of inlet airflow
temperature. The system was able to deliver heat at temperatures
higher than 60 C for 20 h, with preheated air at 50 C and a max-
imum temperature lift of 15 C. Van Essen et al. [31], in a closed
1 Dehydration temperature of 150 C and hydration conditions at 25–50 C and
13 mbar of water vapor pressure.
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19 C for an hydration temperature of 25 and 50 C and water
vapor pressures of 31.6 and 12.8 mbar, respectively. After dehydra-
tion and after the material exposure to ambient air at room tem-
perature, a gel-like formation was present, supporting the fact
that a minimum temperature of 30–40 C has to be maintained
in the system if certain chlorides are used. The same operating
boundary conditions and material issues were found also by Zon-
dag et al. [46], in particular HCl formation above 135 C and over-
hydration at the end of the hydration process. Rammelberg et al.
[47] investigated the kinetics, reaction enthalpies of water
uptake/release, and the related hydration/dehydration power of
MgCl2 6H2O with a TGA/DSC setup. The experimental conditions
consisted in a temperature program with temperature gradients
of 1–5-10 C/min and -5 C/min, hydration at 30 C or 35 C, nitro-
gen flow at 25–150 ml/min with water pressure during hydration
at of 12–22 mbar. The desorption process of MgCl2 6H2O started
immediately above room temperature and it had a three-step reac-
tion at 82, 116, and 145 C, in which the last step was the conver-
sion to monohydrate and a parallel decomposition reaction in
which HCl was formed.
Donkers et al. [37] in their study investigated MgCl2 performing
two temperature programs up to 100 C and 150 C of maximum
dehydration temperature. The sample with a maximum dehydra-
tion temperature of 150 C, after 8 cycles, showed a decrease in
the rehydration level of 32%. The sample with a maximum dehy-
dration temperature of 100 C has been tested for 11 cycles, and
the final rehydration level was less than 10% lower compare to
the initial one. The authors stated that the performance difference
between the two MgCl2 is due to the pore water production in the
sample with the highest dehydration temperature.
2.1.1.1.4. Copper sulfate. Copper sulfate was also studied for its
suitability as sorption heat storage material. Bertsch et al. [35]
tested the material in an open system configuration in a lab reactor
with 100 g samples and a previous dehydration at 200 C. With a
volumetric flow of 25 l/min, a maximum temperature lift of
11 C was present for a hydration temperature of 40 C and
69.2 mbar of water vapor pressure. During hydration/dehydration,
crystals expansion/shrinking formed a fine powder, documented
also by Ferchaud et al. [32]. The authors reported that the materials
were stable during the experiment and cyclability was possible.
Assuming a water vapor pressure of 13 mbar, the authors consid-
ered the temperature lift (5 C) too low for thermal storage. Con-
cerning the material stability over the cycles, also Ferchaud [34]
reported a good mechanical stability at crystal level. At grain-
scale, the crack formation process, which is a typical result of the
volume change over the cycles, did not result in an improvement
in the reaction rates. The reason suggested by the author is that
the rate limiting factor is the material conversion, which involves
complex crystal structure reorganization.
Concerning the material stability over the cycles, Donkers et al.
[37] showed that CuSO4 had a remarkable decrease in the kinetics
after 13 cycles, and a final rehydration level of 35%. To conclude, an
additional material drawback is its toxicity, which would imply
additional safety measures for its integration in a commercial
application.
2.1.1.1.5. Strontium bromide. Strontium bromide was also investi-
gated as possible candidate in some system prototypes. In particu-
lar, the reaction from the hexahydrate to the monohydrate is of
interest. A relatively high energy density at reactor level was mea-
sured in certain experiments [48]. A temperature of approximately
80 C was sufficient to dehydrate the material. Moreover, in certain
systems even lower dehydration temperatures were applied
[49,50]. A crystal energy density of 2.02 GJ/m3 [43], and reactor
energy densities of approximately 1.44 GJ/m3 were reached [48].
Finally, the stability of the salt was promising for certain investiga-tions [51], since this salt showed good stability over multiple dehy-
dration/hydration cycles. However, its high price compared to
other salt hydrates [43] make this material less attractive from a
commercial point of view, especially in systems that require large
amounts of active material and perform few cycles per year.
The main findings on the utilization of pure salt hydrates as
sorption materials for a long-term low-temperature heat storage
are presented in Table 2-2. In particular, their energy density mea-
sured during the experiments at different operating conditions and
their main advantages and issues are displayed. The reported des-
orption temperatures are the maximum desorption temperature in
the experiments at which the material was subjected, while the
water vapor pressure reported was present during hydration
phases. It has to be stated that, in some cases, the experimental
conditions were not clear in the scientific literature. Therefore, it
is advisable to interpret the data with caution. A proper material
characterization at system operating conditions is always advis-
able before experimentation at larger scales in order to avoid mis-
leading results and indications [54]. Due to the intrinsic
disadvantages of every material, their utilization in pure form for
sorption heat storage is challenging. Despite the high energy den-
sities measured, they can have hydrothermal stability problems at
system operating conditions, slow kinetics, problems with corro-
siveness and toxicity, or too high costs.
2.1.1.1.6. Additional studies on salt hydrates. Other examples of salt
hydrates studied for their use in pure form for sorption heat stor-
age systems are aluminum sulfate (Al2SO4) and calcium chloride
(CaCl2). However, at typical operating conditions1 of a low-
temperature heat storage system, a too low temperature lift (1–
2 C) has been measured for the former and a high deliquescence
for the latter [31]. An extensive material screening process has been
carried out by N’Tsoukpoe et al. [55], in which more than one hun-
dred salt hydrates were analyzed. The authors’ main objective was
to find a suitable working pair to be used in a system able to store
approximately 0.3 GJ/m3 of heat generated by a micro-CHP system
with a maximum desorption temperature of 105–115 C. The most
suitable candidates were SrBr2, MgSO4 and LaCl3. However, the
authors highlighted that parameters like materials cost, effective
reactor bed porosity, system components, sensible thermal losses
and kinetic limitations at reactor level were not considered as inves-
tigation parameters. Therefore, a techno-economic analysis on the
most suitable materials is needed, in which parameters at reactor
and system levels are considered.
Finally, Donkers et al. [37] investigated the hydrothermal stabil-
ity of CuCl2. The authors reported that this salt performed best
among the salts investigated in their study. It had an almost con-
stant rehydration level after 9 cycles, and no pore water generation
was observed.
2.1.1.2. Hydroxides, oxides and carbonates. These material cate-
gories have a stronger bonding energy in the formation of their
products compared to hydration reactions. Examples of materials
used for hydroxide reactions are CaO/Ca(OH)2 [56], which have
equilibrium temperatures of approximately 500 C at standard
conditions, or MgO/Mg(OH)2 [57–62] with a dehydration tempera-
ture of 250 C and a discharge temperature of 200 C. Concerning
carbonate reactions, equilibrium temperatures can vary from
160 C to 1300 C at standard conditions, and system pressures
are usually much lower compared to hydroxide systems, often in
the range of few millibar. Materials examples are CaO/CaCO3 and
PbO/PbCO3. High temperatures and low pressures make this reac-
Table 2-2
Summary of main advantages and disadvantages of the investigated pure salt hydrates.
E (GJ/m3) Tdes (C) pH2O (mbar) C (€/t) [43,52] Main issues Advantages Refs.
MgSO4 1.8–2.2 150 12.5–13 77 Heat release above 50 C not possible; low
temperature lift
Most of the energy stored
below 90 C
[30–33,35,36]
Na2S 1.93–2.66 100 19 348 Melting reduced mass transfer; operation
under vacuum required; highly corrosive;
formation of H2S
High energy density [41,43]
MgCl2 1.89–1.94 150 11.8–31.6 154 Deliquescence and overhydration below 40 C;
thermal decomposition and HCl formation
above 110–130 C
Relatively large
temperature lifts
[31,32,43–47,53]
CuSO4 1.93 150 2.13–69 134 Low temperature lift; environmental toxicity [32,35]
SrBr2 2.02 80 9.7–17.5 2400 High cost High stability and energy
density
[43,48–50]
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to high-temperature applications rather than for low-temperature
heat storage. A comprehensive review is carried out by Pardo et al.
[63].
2.1.1.3. Ammoniates. Ammoniates react with ammonia to form
complex compounds in which coordination bonds are present.
The general reaction can be written as:
Ammoniateþ nNH3 $ Ammoniate  nNH3 ð2:2Þ
Metal halides such as NH4Cl, PbCl2, NaBr, BaCl2, LiCl, CaCl2, NaI,
BaBr2, SrCl2, CaCl2, SrBr2, MnCl2, CaBr2, FeCl2, MnBr2, CoCl2, MgCl2,
FeBr2, CaI2, CoBr2, NiCl2, MnI2, FeI2, MgBr2, NiBr2 and NiI2 are used
in ammoniation/deammoniation reactions. Equilibrium tempera-
tures of reaction and energy densities are in the range of 48 (NH4-
Cl) – 334 (NI2) C and 563 (BaBr2) – 2341 (MgCl2) kJ/kg,
respectively [64]. This materials category has been mainly investi-
gated for chemical heat pumps and sorption cooling applications
[18]. Cot-Gores et al. [65] presented a summary of the thermal per-
formances of chemical heat pumping systems based on the solid-
gas de/ammoniation reaction. The systems applications were
mainly refrigeration, ice making, air conditioning and heat trans-
formation. Recently, applications for thermal storage purposes
are being investigated. Li et al. [64,66] proposed a dual mode
device for low temperature heat upgrade and energy storage. The
selection of the working pairs allows to control the temperatureFig. 2-2. Schematic diagram of the integrated energy storage and energy upgradeof the upgraded heat; e.g. 87–171 C using MnCl2-CaCl2-NH3 or
130–282 C with NiCl2-SrBr2-NH3. During the discharge phase, if
the ambient temperature is not high enough, the system could
internally upgrade the heat by using a heat recovery technique
(Fig. 2-2), allowing its operation at winter ambient temperatures
of 30 to +15 C. For ambient temperatures of 0 C, a COP in heat-
ing mode of 0.6 was measured by the authors. The system pres-
sures and temperatures were between 1.8–11.3 bar and 20 to
99 C for the NaBr-CaCl2-NH3 working pair. Sakamoto et al. [67]
developed an energy storage lab-scale reactor based on the follow-
ing ammoniation/deammoniation reaction using calcium chloride
as ammoniate:CaCl2  8NH3 $ CaCl2  4NH3 þ 4NH3 ð2:3Þ
The system operating pressure was kept at approximately 5 bar,
while ammoniation and deammoniation temperatures were 30
and 80 C, respectively. In order to increase the heat transfer rate,
a titanium sponge was added with different Ti/CaCl2 ratios
(0:1/1:1/3:1/5:1). The addition of Ti decreased remarkably the
reaction time halving the duration of the de/ammoniation pro-
cesses. The system filled with 110 g of CaCl2 with a Ti/CaCl2 weight
ratio of 5:1 was able to deliver energy reaching a peak power of
25 W. System cyclability is claimed after 30 ammoniation/deam-
moniation cycles without observation of materials decomposition
and reaction rate decrease.solid/gas sorption system for seasonal storage of solar thermal energy [66].
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long-term low temperature thermal energy storage is still at early
stages. Actual disadvantages of these systems are operating pres-
sures above the standard conditions, and the use of ammonia as
sorbate, which can represent a drawback for a possible domestic
system by considering the criteria in Table 2-1.
2.1.2. Solid adsorption
In general, since adsorption reactions have weaker bonding
forces than absorption reactions, the energy density of these mate-
rials is lower compared to e.g. salt hydrates. Moreover, for certain
adsorbents such as zeolites, the water uptake is relatively low due
to the structural limitations of the matrix itself. On the other hand,
heat and mass transport are improved compared to salt hydrates
due to a better hydrothermal stability of the materials. Typically,
adsorption materials should have a large internal pore volume
and surface area for a large adsorption capacity, fast adsorption
kinetics, good mechanical strength and they should be easily
regenerable [68].
2.1.2.1. Zeolites. Zeolites are promising materials for heat storage
and as supportive structures for composites. They consist of porous
crystalline aluminosilicates of alkali or alkali earth elements such
as sodium, potassium and calcium. The general formula of zeolite
is [68]:
Mx=n ðAlO2ÞxðSiO2Þy
h i
zH2O
with x and y integers with their ratio larger than one; n the valence
of cation M, and z the number of water molecules in each unit cell.
Zeolites exist in nature, but for commercial application are com-
monly synthetized and defined as molecular sieves due to their
well-defined pore size distribution. Their structure is typically
tetrahedral made of silicon and aluminum. Different arrangements
make numerous conceivable possibilities. For commercial use, the
dominant types are 4A, 5A, 10X, 13X and Y [18]. Creation of defects
through ions replacement with others of different size and charge
improved the storage properties of zeolites. Jänchen et al. [69]
tested ion exchanged NaA, NaX, and NaY zeolites. By including Li+
ions into zeolites, the authors increased the amount of water
adsorbed and the heat of de/sorption. However, a higher desorption
temperature was required. Ions of Zn2+, La3+ and Al3+ increased the
water adsorption amount and the energy storage potential of zeo-
lites as well. Beside the micro-scale investigations, the authors used
two closed reactors with a storage capacity of approximately 1–1.5
and 20 kg of adsorbents. The maximum desorption temperature
was 180 C, and the materials energy densities where in the range
of 0.4–0.6 GJ/m3. Type 13X is reported as one of the best performing
zeolites for heat storage purposes due to a high water uptake and
fast reaction kinetics [18,70,71]. In an open system configuration,
Gantenbein et al. [72] reported experiments on zeolite 13X, in
which a maximum sorption temperature of 80 C was achieved
with a water vapor pressure of 20 mbar and a hydration tempera-
ture of 35 C. Similar results, in an open configuration, were found
also by Mette et al. [70] for binder-free zeolite 13X, which measured
temperatures of approximately 85 C during hydration with a water
vapor pressure of 15 mbar and an hydration inlet temperature of
50 C. A typical drawback of synthetic zeolites is their cost, which
makes them in principle unsuitable for seasonal heat storage [73]
but allows shorter cycles such as in load leveling in district heating
networks [74].
2.1.2.2. AlPOs and SAPOs. Two classes of promising sorption materi-
als are aluminophosphates (AlPOs) and silico-aluminophosphates
(SAPOs) [75,76]. Silicon or metal cations incorporated in alu-
minophosphates are beneficial for heat storage because structuraldefects improve surface interactions of polar water molecules. On
the other hand, dislodgment after few cycles leads to material
degradation [77]. In particular, for low temperature heat storage
purposes, SAPO-34 [78,79] and AlPO-18 [78] are found to have
remarkable energy densities (203 and 243W h/kg respectively),
discharging temperatures approximately at 40 C and charging
temperatures of 95 C.
In Fig. 2-3 left, a comparison among different adsorption mate-
rials considering the water uptake is made. It can be seen that
AlPO-18 and SAPO-34 samples have the best performances consid-
ering the most favorable operating conditions of thermal heat stor-
age, which are a low charging temperature and adsorption water
vapor pressure similar to the saturation water vapor pressure at
ambient temperature. Zeolites of types Y and X with different
metal cations need higher desorption temperatures to have accept-
able performances, while silica gel and type A zeolites underper-
form the other samples. The last group on the right is copper(II)
benzene-1,3,5-tricarboxylate metal organic framework. Its perfor-
mances are worse at the lowest desorption conditions compared
to AlPOs and SAPOs but comparable or even better at a desorption
temperature of 140 C.
One of the most promising materials of this category, APO-Tric,
was investigated by Ristic´ et al. [77]for energy storage purposes.
Optimal sorption temperatures and maximum water uptake were
the two parameters investigated. APO-Tric was able to adsorb the
maximum amount of water (318 gH2O/g) at the lowest temperature
(95 C) similar to AIPO-18 (Fig. 2-3 right). However, APO-Tric was
able to incorporate the water in a smaller range of water vapor
pressure, which is beneficial for the system efficiency. In particular,
APO-Tric incorporated most of the water within a relative pressure
range of 0.1–0.15 while AlPO-18 incorporated the same amount of
water in the range 0–0.55. Desorption temperatures up to 140 C
and 55.27 mbar of water vapor pressure were used, while mini-
mum adsorption temperatures of 40 C and 56 mbar were set.
The energy density of APO-Tric was estimated to be 0.86 GJ/m3
based on the packed bed density. To evaluate the thermal stability,
50 thermal cycles were performed, and a linear decrease of perfor-
mances of approximately 5% was observed. The authors justified
the sudden water uptake by the exothermic formation of ordered
hydrogen-bonded water clusters at low p/p0 ratios (0.12–0.16 for
APO-Tric and 0.12–0.25 for AlPO-18). Therefore, water ordering
contributes to the heat storage capacity of the material. The
authors observed also the typical issue of adsorption materials: lar-
ger pores into aluminophosphates (pore diameters from 0.55 to
0.75 nm) did not improve the material performance because the
water-structure interactions decreased. On the other hand, higher
pores connectivity improved the overall kinetics.2.1.2.3. Metal organic frameworks (MOF). This relatively novel class
of porous materials gained attention in the past years due to its
high sorbate uptake potential. A metal organic framework is
defined as a solid containing metal ions linked by organic species
that presents certain characteristics such as strong bonding provid-
ing robustness, linking units that are available for modification by
organic synthesis and a geometrically well-defined geometrical
structure [80]. They are of interest for gas storage (e.g. hydrogen),
and their suitability for adsorption cycles and heat storage is under
investigation [80–83]. Henninger et al. [83] compared the MOF ISE-
1 to silica gel and zeolites for adsorption chillers and heat transfor-
mation purposes. ISE-1 had a water uptake of 210 gwater/kg with
desorption conditions at 140 C/11.84 mbar and adsorption condi-
tions at 30 C/11.84 mbar. This value outperformed the five zeo-
lites used for comparison (Fig. 2-4). Stability over ten cycles was
assessed and the material was found to be very stable with only
slight decrease of the performance.
Fig. 2-3. Left: Comparison of water uptake of different adsorption material classes [79]. Right: Comparison of water uptake between SAPO-34, AlPO-18 and APO-Tric [77].
Fig. 2-4. Water uptake for various adsorbents. From left to right: Silica gel, two
commercial zeolites type A normally used as desiccants, two zeolites type Y and one
type X used for heat pumping and cooling cycles, and the MOF ISE-1 [83].
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a crystalline mesoporous metal organic framework, MIL-101
(Table 2-3), with its ability to adsorb up to 1 gH2O/g between 140
and 40 C at a water vapor pressure of 55 mbar. The material pre-
sented a water uptake up to 1.01 gH2O/gmaterial and it could be des-
orbed at 90 C. A moderate hysteresis effect between adsorption
and desorption was reported. For what concerns the hydrothermal
stability and the material degradation, 40 cycles were performed,
and after 20 and 40 cycles, its capacity compared to the initial
one was 98.1% and 96.8%, respectively. Sorption heat, includingTable 2-3
Energy density and desorption temperature ranges for the investigated adsorption
material category.
Adsorption material Energy density (GJ/m3) Tdes (C) Tads (C)
Zeolites 0.4–0.6 Up to 180 Up to 80
AlPOs and SAPOs 0.61*–0.86 95–140 30–40
MOF (MIL-101) 1.6 90–140 30–40
* Assuming a packed density of 840 kg/m3 for SAPO-34 [86].sensible heat, was approximately 2588 J/g (1.6 GJ/m3 assuming a
density of 620 kg/m3 [84]), with negligible sensible heat contribu-
tion (measured heat capacity 1–1.5 J/gK). It is considered as one of
the most promising MOFs for heat transformation and storage.
However, it has to be highlighted that the adsorption water vapor
pressure of 55 mbar cannot be achieved in a low-temperature heat
storage system without additional equipment for humidification. A
main drawback of this material class is its current high cost of pro-
duction; e.g. MIL-101 is available at approximately 52 k€/t [85].
In Table 2-3, a summary of the energy densities and desorption/
adsorption temperatures of the most promising adsorption materi-
als is presented. It is evident that material energy density values
are lower compared to pure salt hydrates. However, the investi-
gated adsorption materials do not present large instability issues
at system operating conditions. Moreover, corrosiveness or toxicity
issues were not found. Concerning AlPOs, SAPOs and MOFs, maxi-
mum discharging temperatures of 40 C were set during tests;
therefore, their ability to produce higher temperature heat is not
investigated yet. Zeolites, on the other hand, presented adsorption
temperatures suitable for low temperature heating and DHW
production.2.1.3. Composites
Sorption heat storage through chemical reactions, and in partic-
ular with salt hydrates, is of main interest. Chemical reactions have
high theoretical energy densities, desorption temperatures achiev-
able with solar thermal collectors or with waste heat, and dis-
charge temperatures useful for low temperature heating.
However, many issues are still present at material level like over-
hydration and deliquescence at low temperatures, material decom-
position at high temperatures, degradation after few cycles, poor
thermal conductivity and low power output [32,46,87,88]. In order
to overcome these disadvantages, composite materials for heat
storage purposes are being largely investigated. They consist of
at least two materials in which, in general, one gives structural
support (host matrix) and the other is the active material that
undergoes the sorption reaction. The host matrix should have a
large porosity in order to retain the largest amount of active mate-
rial possible. However, a compromise between pores occupied by
the active material and free pores has to be present in order not
to impede the sorbate transport [88]. Other functions of the host
matrix are to increase the composite thermal conductivity and sta-
bility [89]. The matrix can provide also sorption heat if the pore
size is small but the amount of salt uptake decreases. On the other
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host matrix will not participate in the sorption process. For exam-
ple, a matrix of zeolite 13X could provide a consistent amount of
sorption heat and participate in the heat storage process, however
the adsorbent desorption temperature should be achieved in order
to utilize its heat of sorption. The sorption process of salts
hydrate/porous matrix composites includes a non-linear combina-
tion of the characteristics of an adsorption system and a chemical
reaction Section 2.1.1 system [90]. The result is typically a type VI
adsorption isotherm in which each sorption step reflects a chemi-
cal reaction between the salt and the sorbate [91]. It is expected
that the gas–solid reaction of a confined salt is much faster than
a bulk one since the rate of sorption is controlled by the intra-
particle vapor diffusion [92]. A review of current studies on com-
posite materials is hereby presented together with the experimen-
tal operating conditions and the main findings.
Casey et al. [93] characterized salt composites (CaCl2, MgSO4, Ca
(NO3)2, LiNO3 and LiBr) with matrices of silica gel, zeolite 13X and
vermiculite. Pure matrices followed a type I isotherm behavior,
while impregnated ones typically followed type IV isotherms with
hysteresis cycles. An increased pore size distribution was observed
for zeolite 13X composites, probably because of the destruction of
the micro-pores network due to expansion/reduction of the
impregnated salt. Matrices of silica gel and activated carbon
showed less of this behavior due to a stronger pore-wall structure.
For vermiculite samples, no damage of the porous structure was
shown. In non-vermiculite based samples, a reduction of the
meso-pores was present; therefore, less sorbate could be taken
up by the material. Two composites with a matrix of vermiculite
impregnated with CaCl2 or LiBr performed best in terms of energy
density (0.179 and 0.167 GJ/m3 respectively) and moisture uptake
between 30 and 140 C. The salt content of the two composites,
based on the bulk densities reported by the authors, was estimated
to be approximately 56% and 65% for the sample with CaCl2 and
LiBr, respectively. However, energy density values are relatively
low considering that a water storage with a temperature step of
50 C can store approximately 0.2 GJ/m3.
Druske et al. [88] tested composites made by impregnation of
porous matrices (carbon foam media and expanded natural gra-
phite) into salts (KCl and CaCl2) with the aim to prevent deliques-
cence and improve water transport into the materials.
Dehydrations at 200 C and hydrations at 25 C and 20 mbar of
water vapor pressure were performed on samples of 10–20 mg. A
higher salt content was achieved in graphite by impregnating mol-
ten salts rather than aqueous salt solutions. The composites
showed improved heat conductivity and sorption behavior com-
pared to pure salts. In particular, expanded natural graphite in
powder and CaCl2 showed the best performance with a water
uptake/release of approximately 0.45 gH2O/g, a thermal conductiv-
ity in the range of 0.74–1.64 W/(mK), and an energy density of
1268 J/g, or 0.63 GJ/m3.
Liu et al. [94] developed a new composite material by impreg-
nating the mesopores of Wakkanai siliceous shale (WSS) with
9.6 wt% of LiCl. As a comparison, a composite made of WSS impreg-
nated with CaCl2 was also used. Samples of the composite were
tested with TGA and DTA. Next, a two liters honeycomb reactor
with 36 channels/cm2 made of the same composite was tested in
an open system with a dual chamber for desorption and sorption
phases. The desorption process was performed at 150 C and
5 mbar. The sorption process started at 35 C while the sample
was connected to an evaporator kept at 15 C and 16.8 mbar of
water vapor pressure. Isotherms measurement showed hysteresis
due to capillary condensation, and no major differences have been
observed between the experiments in an open and closed system.
Three sorption processes were identified: heterogeneous adsorp-
tion of water onto the pores surface, adsorption (chemisorption)of water vapor onto the salt surface, and liquid absorption into
the salt. The limiting factor of the water sorption process was the
formation of a hygroscopic salt solution film near the channels sur-
face. The reactor was able to deliver hot air above 50 C for approx-
imately 350 min, with a desorption temperature of 120 C and a
sorption temperature and water vapor pressure of 25 C and
22.1 mbar, respectively. By decreasing the desorption temperature,
the maximum hydration temperature also decreased, together
with the sorption time. The reactor energy density was approxi-
mately 0.2 GJ/m3 for a temperature step due to sorption of 20 C,
a sorption temperature of 25 C, and a previous desorption temper-
ature of 120 C. Flow rates during the sorption process influenced
the peak temperatures and the sorption time: a lower flow rate
implied lower temperatures maintained for longer periods, and
vice versa for high flow rates. The authors assessed the system sta-
bility by performing 250 sorption/desorption cycles, and no
changes in the water sorption amount were detected. However,
those tests were performed with a desorption temperature of
60 C, which implied hydration peak temperatures below 50 C
and shorter hydration times compared to a system previously
regenerated at 120 C.
Opel et al. [95] investigated composites made with physical
mixtures of MgCl26H2O, graphite, copper, zeolite A, and sand.
Measurements at a water vapor pressure range of 12–22 mbar
were performed. During hydration, a flow temperature of 35 C
was kept while for dehydration, temperature programs starting
from 25–35 C up to 130–200 C at 0.1, 1 and 5 C/min were per-
formed. Materials stability was assessed by carrying out multiple
dehydration/hydration cycles. The most interesting result showed
that the addition of graphite to MgCl26H2O increased the overall
composite conductivity allowing reactions at 10–15 C lower. This
effect was present for high heating rates (5 C/min) and absent for
low ones (0.1 C/min). Thermal decomposition (hydrolysis) was
present for temperatures greater than 125 C, and had a peak at
160 C. Moreover, decomposition under vacuum happened at even
lower temperatures. Thermal decomposition of composite MgCl2-
6H2O/zeolite followed an almost linear behavior, similar to pure
MgCl26H2O, indicating that zeolite was suitable as supporting
agent but not as additive. Overhydration decreased the perfor-
mance of MgCl26H2O/zeolite after 35 cycles, which could be recov-
ered up to 80–90% of its initial reactivity by grounding the sample
with a mortar, confirming that overhydration was the main cause
of its reactivity decrease.
Yu et al. [87] proposed a method to produce a composite made
of LiCl and a host matrix of activated carbon (AC) as porous matrix,
a silica solution (SS) as a binder to increase mechanical strength,
and expanded graphite treated with sulfuric acid ENG-TSA to
enhance thermal conductivity. The composite was tested, and it
was proven that the water uptake was mainly controlled by the
amount of LiCl; the other components were mainly supportive.
The sample was completely dehydrated at 90 C in two reaction
steps, with the first step occurring before 50 C. Rehydration condi-
tions were at 30 C and 25.4 mbar of water vapor pressure.
Expanded graphite increased thermal conductivities in the range
of 2–2.8 W/(mK), approximately 14 times higher than the pure
Activated Carbon/LiCl composite. However, it decreased the
amount of water uptake due to slow kinetics caused by a worse
water transport. Hysteresis was observed between sorption/des-
orption cycles. The expected material energy density of the com-
posites was in the range of 0.72–1.43 GJ/m3, for the
abovementioned temperatures and pressures, depending on the
amount of LiCl.
Tanashev et al. [96] investigated the thermal conductivities of
inorganic salts (CaCl2, MgCl2 and LiBr) in porous matrices (silica
gel and alumina) in function of the water uptake. For silica-based
composites, disregarding the salt impregnated, a typical behavior
930 L. Scapino et al. / Applied Energy 190 (2017) 920–948in thermal conductivity enhancement was present: a threshold
was reached at a typical value, after which a steep thermal conduc-
tivity increase was present. This threshold corresponded to the
complete matrix meso-pores filling (Fig. 2-5), after which the for-
mation of a salt solution outside the pores was present. For alu-
mina matrix, this threshold was not present probably due to the
alumina matrix pores structure, which led to a uniform pore filling
from the salt.
Also Fopah-Lele et al. [89] studied the thermal conductivity of
composites and salt hydrates. TGA/DSC measurements were per-
formed with 50 ml/min of N2 flow, 100 mg samples of anhydrous
material, and temperature programs ranging from 100 to 200 C.
The reaction rate increased by increasing the salt thermal conduc-
tivity, also reported by Tae Kim et al. [97], which is typically low
for pure salts (0.1–0.5 W/(mK)). Thermal conductivity of CaCl2
was in average 0.39 W/(mK), but when impregnated in silica gel
or vermiculite, its conductivity increased to 0.83 W/(mK) and
0.74 W/(mK), respectively. Finally, the authors showed that effec-
tive thermal conductivity of both pure salts and composites was
strongly dependent on material porosity.
Ponomarenko et al. [98] characterized a composite, previously
dehydrated at 80–100 C, made with a porous matrix of nano-
structured mesoporous silica SBA-15 impregnated with a saturated
salt solution of CaCl2 (43 wt%). TGA/DSC/XRD and N2 adsorption
measurements were performed. Isotherms were measured at
50 C and 0–50 mbar of water vapor pressure. The melting point
temperature of the salt was lower for small particles confined into
pores due to the Gibbs-Thompson effect: small particles melt at
lower temperature than the bulk substance due to increased sur-
face energy. The effective diffusion coefficient was found close to
the Knudsen diffusion coefficient, confirming that Knudsen diffu-
sion was the rate-limiting step. This meant that the reaction of
the salt was faster than the water transport inside the pores
(intra-grain diffusion). Hydration reactions were present at 2.5–4
times lower relative vapor pressure than for the bulk CaCl2. Matrix
pore size determined the pressure at which the salt hydrate expe-
rienced the hydration reactions. A larger pore size implied a lower
relative sorbate pressure necessary for the hydration reaction.
Hongois et al. [99] tested a composite of MgSO4 10–25 wt%
impregnated in zeolite 13X for long-term seasonal heat storage
in which the humidity from the exhaust air of a building was used
for the sorption reaction. The temperature lift comparison during
sorption between a silica gel/MgSO4 composite and zeolite 13X/
MgSO4 showed that a higher temperature increase could be
reached with the latter (22 K and 30 K, respectively). TGA was per-
formed to measure the water loss during dehydration, which at
150 C resulted to be 80% of the initial water content. DSC mea-
surements were also performed with a heating rate of 10 C/min.
The behavior of zeolite 13X/MgSO4 was very similar to pure zeolite
but with higher DSC peaks at the maximum temperature, suggest-
ing that the salt did not behave kinetically as a salt anymore. One
possible hypothesis presented by the authors was a replacement of
the charge balancing cations of zeolite 13X skeleton from Na+ toFig. 2-5. Schematic picture of the relation between amount ofMg++. Lab-scale experiments and a sensitivity analysis were carried
out in a not well-insulated reactor. Air mass flow and relative
humidity were studied as parameters. At 8 l/min and 50% RH, only
45% of the theoretical energy storage density was present (648 J/g).
The authors reported as possible cause the poor reactor insulation.
An increase in air flow from 4 l/min to 8 l/min raised the maximum
temperature lift from 15 to 26 K. The same hold for the relative
humidity RH, which increased the temperature lift from 11 K to
34 K (RH 20–80%, respectively). A volumetric energy density of
0.6 GJ/m3 was measured for the composite zeolite 13X/MgSO4
15 wt%, which is 27% more than the theoretical energy density of
zeolite 13X (0.47 GJ/m3). Concerning the cyclability, micro
calorimetry experiments proved that after three cycles the amount
of energy that could be extracted from the system was the same.
Jänchen et al. [69] compared the zeolites previously investi-
gated in Section 2.1.2 with two composites of silica gel and MgCl2/
CaCl2, concluding that the former had higher desorption tempera-
tures (180 C and 120 C, respectively) and lower energy densities
compared to the composites (0.4–0.5 and 0.6 GJ/m3, respectively).
However, the authors highlighted that composites could be used
only if good heat and mass transport can be achieved within the
sorption bed.
In a further study, Jänchen et al. [78] found an opposite trend
between pure adsorbents and composites. They used TGA/DSC,
micro calorimetry and sorption isotherms to characterize low silica
X zeolites, microporous aluminophosphates, and a composite of
CaCl2 (30 wt%)impregnated in a matrix of attapulgite. The maxi-
mum desorption temperature was 400 C at 5 K/min heating rate
in N2 flow. LiLSX (lithium zeolite molecular sieve) showed the
highest energy density for a hydration temperature of 40 C
(1184 kJ/kgadsorbent), while the composite showed the lowest
(871 kJ/kgadsorbent). In hydrations at 60 C, the energy density of
LiLSX decreased by 7.85% while for the composite a 62% reduction
was present (1091 and 330 kJ/kgmaterial respectively). AlPO4 and
SAPO molecular sieves had energy densities in between LiLSX
and the attapulgite/CaCl2 composite.
Also Posern et al. [100] tested a composite material made of
attapulgite and two salts, MgSO4 and MgCl2, with different mixing
ratios. Their aim was to take advantageous properties of both
materials to impede the thermal decomposition at high tempera-
tures and deliquescence at low temperatures of MgCl2. The mea-
sured energy density of the composite with a salt content of
32.8 wt% at 40 C (80/20 wt% salts solution of MgSO4 and MgCl2,
respectively) was 1590 kJ/kg at 30 C and 36 mbar of water vapor
pressure, with a previous dehydration at 130 C. The more MgCl2
was present in the composite, the more heat was released due to
a lower deliquescence relative humidity (DRH) of the material.
Therefore, more water was quickly absorbed, but a salt solution
that leaked from the solid sorbent was formed. The authors did a
preliminary investigation on the amount of MgCl2 that could be
present in the salt solution given a relative humidity value. It is
noteworthy that a 10% concentration of MgCl2 in a mixture of
MgCl2/MgSO4 could increase the heat of sorption by 50% comparedsalt impregnated in pores and thermal conductivity [96].
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RH would be above or equal to the DRH value of the material. How-
ever, cyclability of the material, and therefore the thermal decom-
position and degradation were not investigated.
Ristic´ et al. [101] studied the water sorption properties of a
composite made of iron silicate (FeKIL2) and CaCl2. XRD/SEM/
PSD/TGA/DSC (10 K/min, 40–150 C)/N2 physisorption were per-
formed. PSD showed a pore distribution from 5 to 30 nm, with a
lower overall pore volume compared to pure FeKIL2. The compos-
ite had a water uptake of 0.58 gH2O/g referred to the dried material,
more than three times compared pure FeKIL2. Moreover, it could
be almost completely dehydrated at 120 C. Cyclability was
assessed for 20 cycles with a thermal program from 40 to 150 C,
and a 3.6% linear loss of active material was measured due to
degradation. After cycling, the isotherm of the composite was sig-
nificantly changed by having a wider hysteresis, and the composite
pores were reduced after the thermal cycles. A heat storage capac-
ity of 560 kJ/kg was estimated with desorption and sorption condi-
tions of 150 C - 56 mbar and 10 C - 12 mbar of water vapor
pressure, respectively.
Korhammer et al. [102] investigated composites based on CaCl2
with different matrices, namely expanded natural graphite in pow-
der and pellet forms and activated carbon foam. The active mate-
rial was impregnated in solution or molten form, and accounted
for 31–90 wt%. TGA/DSC analyses were carried out to estimate
the energy storage density and water uptake of the 10–20 mg sam-
ples. Hydration conditions were set at 25 C with a water vapor
pressure of 10, 17, and 20 mbar. Among the conclusions, compos-
ites based on CaCl2 and expanded natural graphite resulted in
water uptakes of 0.67–0.72 gH2O/gdried material and energy storage
densities of 1451–1310 J/g for the salt impregnated in solution
(87 wt%) or molten (90 wt%) form, respectively.
In Table 2-4, a summary of the performance and main findings
of the literature on composite materials is presented. The water
vapor pressure, when available, is referred to hydration reactions.
The two values of temperature are referred to sorption and desorp-
tion, respectively. Energy densities are often the highest or most
achievable ones related to the most promising composite material
in the study, if more composites were investigated. It is clear that
research at material level is still needed to find a suitable compos-
ite material that can satisfy the requirements of a long-term low-
temperature heat storage system; in which high energy density,
material hydrothermal stability at system operating conditions,
and other relevant requirements (Table 2-1) need to be satisfied.
It is noticeable that the research is still investigating a broad range
of materials to be used as matrices and active materials; highlight-
ing the fact that the scientific community is still in a screening
phase. Moreover, further requirements have to be satisfied at tech-
nical and economic levels. For example, zeolite 13X showed good
performance as host matrix beside as pure active material, leading
to a 27% higher energy density of a composite impregnated with
MgSO4 (15 wt%) compared to pure zeolite 13X. However, its high
cost and desorption temperatures, have to be taken into account
because it will largely increase the system costs and decrease the
system efficiency. Moreover, due to the small pore size, it cannot
incorporate a large amount of salt.
Composite materials, compared to zeolite 13X, if stable at sys-
tem operating conditions, can lead at least to lower system costs.
On the other hand, compared to pure salt hydrates, composites
can be stable materials. Considering a composite made by a salt
and an inert matrix, the energy density might not be much higher
than e.g. pure zeolite 13X, supposing suitable operating conditions.
However, if the material costs are lower, the system might be able
to become commercially attractive even if a relatively large volume
of material is required. Ultimately, the active material selection
depends on the intended application that imposes the systemoperating conditions. As suggested by Aristov et al. [91], research
should continue to be focused on systematic testing of novel adsor-
bents initially used for different purposes, and tailoring of new
adsorbents/composites that can perform at their best at the
selected system operating conditions.
2.2. Liquid absorption
Systems based on liquid absorption rely on a relatively estab-
lished and developed technology. For example, in refrigeration
units, the working fluid consists of a binary mixture of an absor-
bent and a refrigerant. Two of the most used mixtures are LiBr/
H2O and H2O/NH3, and systems based on those working pairs have
COP ranges of 0.7–1.2 [103] and 0.3–0.6 [104], respectively. The
basic working principle can be explained with a thermodynamic
cycle with generator, condenser, evaporator and an absorber
(Fig. 2-6, left). The cycle is described assuming a salt/water work-
ing couple in which the water takes the role of the refrigerant. In
the generator, high temperature heat is used to separate the refrig-
erant from the salt solution by evaporation. The refrigerant vapor is
then condensed in the condenser and heat at intermediate temper-
ature is rejected to the ambient. Next, the refrigerant enters into
the evaporator, at a lower pressure, in which ambient heat is used
to evaporate it. Then, the refrigerant vapor enters the absorber in
which the strong solution from the generator is present and
through an exothermic process in which heat is rejected, the strong
solution re-incorporates the initial amount of refrigerant becoming
weaker in salt concentration. A circulation pump is then used to
bring the solution from the absorber to the generator. The heat
exchanger between the generator and the absorber can increase
the system COP by pre-heating of the strong solution.
Grassie et al. [107] proposed a LiBr/H2O system with absorbent
and refrigerant storages. Xu et al. [108] proposed to use solar ther-
mal collectors directly as generators in an absorption cycle pow-
ered by solar energy. In order to shift electricity demand to off-
peak hours, a compressor can be added to drive an absorption
machine instead of solar energy, as proposed by Voigt [109].
Liu et al. [106,110] investigated different absorption couples
implemented in a system for long-term storage of domestic space
heating, namely CaCl2-H2O, Glycerin-H2O, LiBr-H2O, LiCl-H2O,
CaCl2-H2O, NaOH-H2O, and NH3-H2O. The main findings were that
every working couple presented some disadvantages (e.g. low stor-
age capacity of CaCl2, and high price of LiCl2). Moreover, tempera-
tures suitable for DHW production were not achieved. Next, the
authors proposed to allow partial crystallization of the salt during
the storage period thereby increasing the system energy density.
During summer, the solution is concentrated by evaporating water
vapor, and during the storage period, partial crystallization is
allowed into the tank for certain absorption couples so that a large
concentration gradient can be present, allowing a higher energy
density of the process. Then, during winter, the solution absorbs
water vapor and releases the stored heat. Special care has to be
taken in the selection of the charging temperature to avoid crystal-
lization during the desorption process. The system layout is dis-
played in Fig. 2-6 right. The operational limits of this kind of
system are imposed by the crystallization of the strong solution
above certain absorbent concentrations, and the maximum evapo-
rator temperature that can be reached by the low temperature heat
source.
Research on a multistage system based on NaOH-H2O has been
carried out by Weber et al. [111] and it is currently under research
by Fumey et al. [112–115] within the COMTES European project
framework. The aim of the system is to deliver energy for space
heating and domestic hot water. Due to the fact that the charging
and discharging processes occur at different moments in time, con-
denser and evaporator are the same component. An initial system
Table 2-4
Summary of investigation on composites materials for sorption heat storage.
Authors Matrices Salts Salt (wt
%)
Experimental
conditions
Energy density (GJ/
m3)
Main findings
T (C) pH2O
(mbar)
Casey et al. [93] Silica gel, zeolite 13X; vermiculite CaCl2, MgSO4, Ca(NO3)2, LiNO3
and LiBr
2–65**** 30–
140
- Up to 0.18 Micro-pore network of some matrices partially destroyed due to
cyclical salt expansion/shrinking
Druske et al. [88] Carbon foam; expanded natural graphite KCl; CaCl2 63–90 25–
200
20 Up to 0.63 Improved heat conductivity and higher water uptake
Liu et al. [94] Wakkanai siliceous shale (WSS) LiCl; CaCl2 9.6 15–
150
22.1 0.2 Discharge temperature above 50 C with 22.1 mbar of water vapor
pressure at 25 C
Cyclability assessed for a desorption temperature of 60 C
Formation of salt solution limited the sorbate sorption process
Opel et al. [95] Graphite, copper, zeolite A, sand MgCl2 46–69 35–
200
11.8–
21.8
0.56* Adding graphite increased conductivity and allowed reactions at
10–15 C lower for high heating rates
Salt decomposition above 125 C did not allow zeolite to be used
as active material
Yu et al. [87] Activated carbon, silica solution,
expanded graphite
LiCl 32–45 30–
90
25.4 0.72–1.43 Expanded graphite increased thermal conductivity and decreased
water uptake. Hysteresis present during the de/sorption cycles
Tanashev et al. [96] Silica Gel; alumina CaCl2, MgCl2 and LiBr 30–75 – – – Thermal conductivity of composite had a large increase after a
threshold value, which coincided with the complete matrix meso-
pores filling of salt in silica gel
For alumina, this behavior was not present probably due to the
material pores structure
Fopah-Lele et al.
[89]
Silica gel; vermiculite CaCl2 – – – – Thermal conductivity increase up to 90–112% compared to pure
salt
Ponomarenko et al.
[98]
Silica SBA-15 CaCl2 43 50–
100
0–50 – Hydration happened at a 2.5–4 times lower vapor pressure than
for the pure salt
Hongois et al. [99] Zeolite 13X; silica gel MgSO4 15 25–
150
21.5 0.6 Temperature lift of 30 C achieved with Zeolite 13X matrix; no
material degradation measured after three cycles
Jänchen et al. [69] Silica Gel; Aluminosilicate MgCl2; CaCl2 30 – – 0.6 Composites could be used only if good heat and mass transport
were achieved within the material. Max discharge temperature of
40 C for composites
Jänchen et al. [78] Attapulgite CaCl2 30 40–
400
– 1.08 (40 C) 0.41
(60 C)**
Low energy density of the composite measured at a discharge
temperature of 60 C
Posern et al. [100] Attapulgite MgSO4; MgCl2 33 30–
130
36 880 kJ/kg*** Salt solution formation due to high deliquescence of MgCl2
Ristic´ et al. [101] FeKIL2 CaCl2 7 40–
150
11.8–
55.3
560 kJ/kg*** Stability assessed after 20 cycles: 3.6% decrease of water uptake
Korhammer et al.
[102]
Expanded natural graphite; Activated
carbon foam
KCl; CaCl2 31–90 25–
200
10–20 1451–1310 kJ/kg*** Thermal conductivity tripled for sample impregnated in expanded
natural graphite. Water uptake increased to 160% and 195% after
dehydrations at 100 C and 200 C, respectively, compared to
untreated CaCl2
* calculated for the composite MgCl26H2O/Zeolite (1:1,17) assuming material densities of 1569 and 900 kg/m3 respectively.
** Calculated by assuming densities of attapulgite and calcium chloride of 854 and 2150 kg/m3 respectively.
*** Composite density not available.
**** Estimated from the bulk densities of the materials given by the authors.
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Fig. 2-6. Left: Single stage scheme of an absorption refrigeration system; adapted from [105]. QH = high temperature heat, QI = intermediate temperature heat, QL = low
temperature heat, HX = heat exchanger. Right: Seasonal heat storage system based on liquid absorption [106].
Fig. 2-7. Left: Series connection of two stages. Right: Series connection of two stages with space heating implemented in between [114].
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series, resulting in a double stage heat pump system (Fig. 2-7 left).
However, this configuration led to a substantial decrease in the
system energy density. The authors proposed a possible solution
to optimize the system performance by using the water after the
first stage for space heating, and then use it in the evaporator of
the second stage (Fig. 2-7 right).
In both setups, the required return temperature of 10 C in the
first heat pump limited the maximum achievable DHW tempera-
ture of the second heat pump. Moreover, a larger amount of solu-
tion was necessary to deliver the same final energy, decreasing the
system energy density. To avoid the abovementioned design issues
and increase the system flexibility, a prototype was realized con-
necting the components in parallel [112]. A single absorber/desor-
ber and evaporator/condenser were implemented. Three storage
tanks were used as buffer storage at three different temperature
levels for the evaporator at low temperature, space heating, and
DHW. With this system, single charging of different storage tanks
was possible.
In order to have a larger concentration difference and to
increase the absorption cycle energy density, Lourdudoss et al.
[116] investigated a three-phase system in which during the
charging process solid crystals were also formed. Different workingpairs were investigated for this purpose. In particular, with a LiCl/
H2O system, an energy density of 1.1 GJ/m3 and a COP of 1.58 were
obtained. A similar work was also carried out by Bales et al. [117]
at SERC (Solar Energy Research Center) in Sweden. The authors
achieved an energy density of 0.91 GJ/m3 with heat released at
approximately 30 C. Since the focus of this work is on solid-gas
reactions with water as sorbate, liquid absorption systems will
not be investigated further. Literature suggestions on liquid
absorption systems for thermal energy production and storage
are [105,118,119].
2.3. Conclusions on materials review
In the first part of this work, a review of the sorption materials
categories is performed. Special focus is on promising materials for
long-term low-temperature sorption heat storage applications
based on solid/gas reactions.
Promising materials of the chemical reaction category are salt
hydrates, which possess high theoretical energy densities. How-
ever, they present several issues for their implementation in pure
form such as overhydration and deliquescence at low temperatures
(e.g. MgCl2), decomposition at high temperatures, slow kinetics
leading to a low temperature lift (e.g. MgSO4), corrosiveness and
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macrostructure and, if used in closed systems, low heat transport
because of a typically low thermal conductivity.
Adsorption materials have the main advantage of a more
hydrothermally stable behavior. However, since the main sorption
phenomenon is adsorption, lower energy content is intrinsic in
those materials category. Moreover, they have typically higher
costs per mass compared to salt hydrates, which further decreases
their attractiveness if coupled with the fact that they have lower
energy densities. Costs reduction could be achieved by optimizing
manufacturing processes and by economies of scale. Zeolite 13X is
considered as one of the most promising materials among the zeo-
lites. Experiments achieved temperature lifts of 35–45 C in lab-
scale reactors and micro-scale experiments at system operating
conditions. However, the main drawback is a too high desorption
temperature, which are difficult to achieve by heat sources such
as solar thermal collectors at a reasonable efficiency.
Silico-/Aluminophosphates and metal organic frameworks pre-
sented also a promising performance in terms of water uptake rel-
ative to the amount of sorbent. Moreover, they require lower
desorption temperatures compared to zeolites. APO-Tric and
MIL-101 resulted to have the most promising performances among
these materials categories, with measured energy densities, at
adsorption temperatures of 30–40 C, of 0.86 and 1.6 GJ/m3, at
water vapor pressures of 12 and 55 mbar, respectively. Moreover,
DHW production would not be possible at the previously men-
tioned heat release temperatures. Research on this kind of materi-
als for thermal storage is still at material-scale stages, and a proper
experimentation at prototype-scale is required. From the economic
perspective, the utilization of the abovementioned materials for
seasonal heat storage would drastically increase the system costs.
Composite materials are being researched with the aim to
reduce instabilities at material levels of salt hydrates. The host
matrices can be made of a porous material that could be also used
as active adsorption material if a sufficiently high desorption tem-
perature is achieved. However, small pore sizes necessary for the
matrix to be involved in the sorption process lead to low salt filling
in the matrix. However, also inactive materials such as expanded
graphite, sand, silica gel and vermiculite have been tested for solely
structural support. Several studies have been reported but research
of promising working pairs is still ongoing. General issues are a
reduced mass transport within the matrix pores and salts deliques-
cence or overhydration with possible leaking of the active material.
Finally, the experimental conditions of the investigated studies are
heterogeneous and some of them are far from typical conditions of
low-temperature heat storage.
Regarding liquid absorption for heat storage, several materials
and system layouts are under investigation for space heating and
domestic hot water production. Among the issues, temperatures
high enough for DHW production were hard to achieve with an
acceptable energy density. Several studies investigated the possi-
bility to allow partial recrystallization of the active material within
the storage tank, thereby increasing the system energy density.
However, additional complexity is added to the system.3. Sorption heat storage systems
In designing a low-temperature long-term sorption heat stor-
age, materials investigation is only one of the challenging fields
to be tackled. The main criteria for the suitability of a material
for sorption heat storage purposes (Table 2-1) have to be satisfied
also at system-scale. The focus of this section is on the current state
of the art of sorption systems for long-term low-temperature heat
storage purposes using solid/gas reactions with water as sorbate.
The main system layouts, reactor arrangements, system parame-ters, and performances of the existing prototypes are presented
and discussed in the next paragraphs.
3.1. System design
3.1.1. Open and closed systems
Sorption systems can be divided into open and closed systems
(Fig. 3-1). An open system exchanges mass and energy with the
environment, and operates typically at ambient pressure. The sor-
bate is transported together with other species, e.g. water vapor
into the airflow. The main disadvantages of these systems are that
a fan is needed to drive the moist flow through the reactor, a
humidifier can be required to reach the desired sorbate vapor pres-
sure, and the temperature step over the reactor is limited by the
thermal mass of the flow, which requires a heat recovery unit to
obtain temperatures useful for space heating and DHW production.
Moreover, due to the fact that mass is also exchanged with the
environment, hazardous materials and components cannot be
employed. The main advantage is that the system is generally sim-
ple, not pressurized, it has a good and controllable heat transfer,
and requires less components compared to a closed one. Closed
systems exchange only energy with the environment, and are nor-
mally evacuated in order to have a satisfactory sorbate transport
between the reactor and the sorbate reservoir.
The main system advantage is that a fan is usually not needed
since the sorbate is driven by the vapor pressure difference
between the system components, a faster transport mechanism
compared to diffusion in open systems [120]. On the other hand,
main disadvantages are that, often, the system needs to be period-
ically evacuated due to the formation of incondensable gases that
block the sorbate flow to the condenser. Moreover, the presence
of the adsorbate storage, condenser and evaporator decrease the
overall system energy density. A conceptual scheme of open and
closed systems is shown in Fig. 3-1 while the main advantages
and drawbacks of both options are shown in Table 3-1. Abedin
et al. [121] performed an energy and exergy analysis on open
and closed systems. The main findings were that the investigated
open system had higher overall efficiencies compared to the closed
ones. However, system basic parameters like sorbate flows, dis-
charge temperatures and pressures had major influence on the
analysis. Therefore, a universal conclusion on the better perfor-
mance of an open or closed sorption system could not be drawn.
3.1.2. Reactors design and issues
3.1.2.1. Reactor layout. Reactors for sorption heat storage systems
can be divided into two main categories from the active material
location perspective: integrated and separate. Integrated reactors
contain the total amount of the system active material. Therefore,
the material does not have to be moved once placed inside it. The
main disadvantage is that a large reactor able to handle the de/-
sorption conditions has to be built.
Separate reactors require the material to be injected and
extracted from it; therefore, a material transport system has to
be present resulting in a more complex design. However, the mate-
rial storage can be made of cheaper materials since it does not have
to withstand the reaction operating conditions, and a smaller reac-
tor has to be designed compared to the integrated one, which
results also in a smaller thermal mass [123].
Modular reactors can be considered a sub-category of the inte-
grated reactors, since the active material is not transported, nor
does the entire amount of material have to be flushed by the sor-
bate flow during system operation, causing large pressure drops.
The material is stored into several smaller reactors with smaller
thermal mass that have a volume optimized for the system pur-
pose. Modular reactors have the advantage that an extension/
reduction of the system-scale needs low technical effort and can
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SORBENT
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source
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Fig. 3-1. Left: Open system design concept. During desorption, valve V1 directs the flow through the heat exchanger HX1 to be heated from a high-T source, and valve V2
bypasses HX2. During sorption, valve V1 bypasses HX1 and valve V2 directs the heated flow after sorption into the heat exchanger HX2 to transfer heat to the appliances and
then to the heat recovery unit HR. Right: Closed system design concept. During desorption HX1 is used to separate sorbent and sorbate with a high-T heat source. Sorbate is
then condensed in the sorbate tank in which HX3 used to remove the condensation heat. HX2 is not in function. During sorption, a low-T source evaporates the sorbate
through HX3, which is transported by pressure difference back into the sorbate tank. The heat of reaction is removed through HX2. HX1 is not in function.
Table 3-1
Advantages and drawbacks of open and closed systems, partially from [122].
Type
of
system
Advantages Drawbacks
Open  Atmospheric pressure
 Simple system
 Less components than close
system
 Heat transfer increased by
forced circulation
 Fan and humidifier often
needed to drive the sorbate
flow and provide partial
humidification
 Sorbate safety requirements
 High sorbate flow leads to
high pressure drops
 Mass transfer limiting step
Closed  Higher discharging temper-
ature compared to open
system at similar water
vapor pressure
 No mass exchange with
environment
 Can be used as an adsorp-
tion heat pump for cooling
and heating
 Complex system
 Condenser/evaporator
required
 Heat transfer limiting step
 Sorbate needs to be stored
 Periodical evacuation to
avoid non-condensable gases
 Sorbate evaporation energy
always to be provided
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compared to other solutions. A disadvantage of modular reactors
is that each module might need additional volume for its own com-
ponents leading to higher system costs.
De Jong et al. [120] suggested a possible operational strategy for
modular reactors. Instead of on-demand delivery, which would
require a reactor design for high peak powers, it is an option to dis-
charge, e.g. daily, one module to heat up a conventional sensible
storage system, and then provide the thermal power required with
a mature and well-known technology. Some of the operational
considerations were the following: the water storage has to store
the sorption heat of at least an entire module; conventional storage
has to afford the daily demand fluctuations; when the conven-tional storage needs to be charged, an entire module is discharged.
Another alternative considered was an open system with separate
reactor and a periodical refilling of dried material and removal of
hydrated material, which will be dried elsewhere e.g. where waste
heat is available [124]. However, transportation costs have to be
taken into account. In 2006, a preliminary investigation [125] for
waste heat transportation modes in the industrial area of Nyköping
(Sweden) showed that transportation of dried zeolites by train was
the most cost effective solution.
Concerning the reactor charging strategy, Mette et al. [126] pro-
posed a method to reduce the charging temperature of an open
system by pre-drying the air at the inlet of the sorption reactor.
In the system investigated based on zeolite 13X (CWS-NT, see
Fig. 3-4 right), normally a dehydration temperature of 180 C was
applied. The authors proposed an additional adsorption unit based
on the same sorption material to reduce the water content of the
supply air during the desorption phase, before the air-to-air heat
exchanger. With a reduced water content in the supply air, a des-
orption temperature of 130 C was able to remove more water
from the sorption reactor compared to the supply air at 180 C
without pre-drying. The additional adsorption unit was also regen-
erated at 130 C. For the pre-drying process, additional sorption
material and energy are required. The authors assumed that solar
energy during summer was used for the desorption process. There-
fore, the solar thermal collectors have to be sized to provide both
desorption energy for the main sorption reactor and the additional
adsorption unit.3.1.2.2. Reactor design. The most common reactor configurations
are packed bed for solid reactors and separate reactors for liquid
reactors. However, different reactor designs were investigated for
sorption heat storage systems in order to tackle main system issues
such as control of the system heat capacity, heat losses reduction,
and heat and mass transfer improvement [18]. Zondag et al. [127]
Fig. 3-2. Schematic of a separate reactor design [128].
Fig. 3-3. Left: MODESTORE project reactor layout [131]. Right: SWEAT prototype [42].
Fig. 3-4. Left: zeolite 4A monolith from the MonoSorp project [117]. Right: CWS-NT System layout [133].
936 L. Scapino et al. / Applied Energy 190 (2017) 920–948investigated three reactor layouts: agitated reactor, fluidized bed
reactor and gravity-assisted bulk flow reactor. The authors’ conclu-
sion was that an agitated reactor, and in particular a screw reactor,
was the best option because active material stirring greatlyimproved the system performances in their preliminary experi-
ments. However, a main drawback of this option was that mechan-
ical stirring could irreversibly damage the active material and
might reduce reliability and increase maintenance costs for the
L. Scapino et al. / Applied Energy 190 (2017) 920–948 937system. The use of layouts with extended surfaces increase heat
transfer areas and guarantee a better heat transport from and to
the active material, which has a generally low thermal conductiv-
ity. Finned tubes [120], plate heat exchangers [49], plate-fin heat
exchangers and coated spiro-tubes [42] were possible design
options. Extended surfaces are suitable if the volume change
between de/sorption cycles is not significant. Large cross-flow
areas with a minimum bed length [123] or porous matrices could
be used to achieve a low pressure drop for the air flow. For exam-
ple, Mette et al. [123] developed a reactor that could be operated
both in fixed bed and quasi-continuous mass flow configurations.
For the reactor concept, three considerations were decisive: large
cross flow section area for the airflow and minimal material width
in flow direction for pressure losses minimization; material trans-
port to be realized in a reliable and technical inexpensive way with
low material losses; a compact construction with short distance
between heat source and heat removal in order to minimize heat
losses. In the quasi-continuous flow configuration, the material
moved from the top to the bottom driven by gravity (Fig. 3-2).
Air was fed from one lateral side and exited from the opposite
side, in a crossflow configuration. The main advantages of this
design were a constant power output and a stationary reaction
zone. The main challenge was to maintain a uniform material flow
through the reactor. Moreover, well-defined hard spherical parti-
cles might be necessary for this reactor concept. On the other hand,
the fixed bed reactor had the advantage of a stationary material.
However, reaction front, temperature, and grade of conversion
were moving. After that the sorption reaction was completed, the
material inside the reactor had to be replaced. No constant thermal
power could be provided and power reduction at start-up and end
of conversion took place.
3.1.2.3. Reactor heat and mass transfer. In closed systems, heat
transfer is often the limiting step while in open systems the mass
transfer is the main issue. This is often the combination of unfavor-
able material and system characteristics. Material coagulation can
happen due to contact with liquid water, local deliquescence and
swelling. Material pulverization can occur due to the periodical
material expansion/shrinking [120]. Beside the already mentioned
instabilities, the choice of the materials particle size within the sys-
tem is often a compromise to have a sufficient amount of active
material with good kinetics, and sufficient effective bed porosity
and permeability that allow good sorbate transport and acceptable
pressure drops. To this regard, N’Tsoukpoe et al. [122] reviewed
different studies to investigate how heat and mass transfer were
influenced by the particle size distribution of the sorbents. They
found that adsorption kinetics were influenced by particle size
until the ‘‘grain size insensitive regime” was achieved, below cer-
tain particle dimensions. In other words, the particle size has to
be small enough to achieve this regime, but large enough to avoid
large pressure drops. The ratio between the heat transfer surface
area and the amount of adsorbent was detected as an important
parameter for system optimization in a packed bed reactor. As an
example, a ratio in the range of 1–5 m2/kg, characterized the grain
size insensitive regime for silica gel, activated carbon and SAPO-34.
Typically, the reviewed studies evidenced the use of pellets in the
range of 0.2–0.6 mm for closed systems. The authors stated that, in
principle, it is not necessary to select a precise grain size as long as
the insensitive regime is reached. On the other hand, for every
specific application there is an optimal combination of parameters
that are also dependent on the particle size (e.g. effective thermal
conductivity, permeability, etc.) that have to be optimized. For
open systems, powders and pellets were equally considered. How-
ever, by using powders, low power output and high pressure drops
were found in the reported studies. This indicated that higher flow
rates might have been required to provide higher thermal powers;however, higher pressure drops would have resulted and the use of
larger particles could have been necessary. The authors stated that
the contact between the heat exchanger and the active material
could be another issue if salt hydrates are used because their cycli-
cal expansion and shrinking during system cycles varies the con-
tact area. A permeability of 1–5  1012 m2, effective thermal
conductivity of 1 W/(mK), and heat transfer coefficients between
heat exchangers and adsorbent of 200 W/(m2K) were suggested
for closed evacuated systems. To conclude, the authors suggested
to include the method based on the determination of the grain size
insensitive regime in the design optimization of packed bed reac-
tors, and that results based solely on TGA/DSC analyses can be mis-
leading due to the small amount of material involved. Influence of
grain size on heat and mass transfer was discussed also by Michel
et al. [48]. They tried to enhance the mass transfer by adding a gas
diffuser in form of a foam up to the mid-height of a fixed bed reac-
tor. This solution increased the system permeability by 1.7 times
and provided slightly higher specific power without affecting the
energy density. Another option to decrease pressure drops within
the reactor was used in the MonoSorp project [117]. The authors
used honeycomb structures (monoliths) made out of a zeolite that
could be placed in different configurations so that a modular, sim-
ple, and flexible system could be designed.
3.1.2.4. Components corrosion. Side reactions can produce corrosive
or toxic byproducts together with the depletion of the active mate-
rial. For example, a system based on Na2S can produce H2S if the
sorbent is in contact with liquid water but also, at lower pace, with
water vapor. Then, H2S can dissolve into liquid water and cause
metal corrosion and H2 formation. With an undesirable gas pro-
duction, the system condenser can be blocked, reducing the sorp-
tion reaction rate. This is why periodical system evacuation is
needed. To prevent this, corrosion resistant coatings, H2S and H2
getters or the addition of hydroxides can be supportive [120].
To this regard, Solé et al. [129] tested four commonmetals: cop-
per, aluminum, stainless steel 316 and carbon steel against five salt
hydrates: CaCl2, Na2S, MgSO4 and MgCl2. Immersion tests were
performed at the operating conditions that simulate an open sys-
tem: immersion temperature of 60 C and humidity at 99%. The
metal samples were removed after one, four, and twelve weeks.
The results are visible in Table 3-2.
3.2. Existing prototypes review
In the following section, a review of existing sorption systems
for low-temperature sorption heat storage is presented. The focus
is on open and closed systems with water vapor as sorbate and
solid adsorbents, salt hydrates or composites as active materials.
3.2.1. Open systems
3.2.1.1. ZAE Bayern (1997). One of the first and largest prototypes of
a sorption storage system was built in Munich [74,130] by ZAE
Bayern (Fig. 3-5). It was an open system designed for peak shaving
of the heating load of a school in winter and cooling load of a Jazz
club in summer. The active material was zeolite 13X. The system
reactor consisted of three connected horizontal cylinders contain-
ing a total of 7000 kg of zeolite 13X with an energy density of
approximately 0.45–0.36 GJ/m3 and 130–50 kW of discharging
power for heating and cooling mode, respectively. A district heat-
ing network running on steam was used as desorption heat source,
and the return line of the network consisted of condensate steam,
used as low temperature source for water evaporation in sorption
mode. Moreover, during desorption at night, residual heat was
injected into the school heating system to avoid a peak of the heat-
ing load in the early morning. Cooling mode consisted in the air
dehumidification of the Jazz club (latent cooling). A desorption
Table 3-2
Corrosion tests results from Solé et al. [129].
Salts Copper Stainless Steel 316 Carbon Steel Aluminum
CaCl2 Recommended with caution Recommended for long-term service Recommended with caution Recommended with caution
Na2S Destroyed Recommended for long-term service Recommended with caution Destroyed
MgCl2 Recommended with caution Recommended for long-term service Not recommended (>1 year) Recommended with caution
MgSO4 Not recommended (>1 year) Recommended for long-term service Not recommended (>1 month) Recommended with caution
Fig. 3-5. ZAE Bayern zeolite 13X system for peak shaving of a heating system and latent cooling in Munich [74].
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and a temperature of approximately 25.5 C was successfully kept
during concerts in the Jazz club only with desiccant cooling and
ventilation instead of 29 C without air conditioning, as previously
measured. A rough economic analysis highlighted that the payback
costs strongly depended on energy price reduction during off-peak
hours, investment costs and number of storage cycles. A payback
time of 7–8 years was found assuming 40 and 60% price reduction
during winter and summer respectively, 60 k€ of investment costs,
and 100–150 yearly heating and cooling cycles.
3.2.1.2. MonoSorp. In the MonoSorp project framework, the
research carried out by Kerskes and Sommer and reported by Bales
[117], aimed at the development of an open sorption heat storage
system regenerated by solar thermal energy for space heating in
buildings. A sorption storage was built, consisting of 70 kg of zeo-
lite 4A honeycomb structures divided in monoliths (Fig. 3-4 left). A
regeneration temperature of 180 C and a sorption temperature of
approximately 20 C were used during the experiments. A maxi-
mum temperature lift of 22 C and discharging powers of 1–
1.5 kW were measured with an inlet water vapor pressure of
8.7 mbar and an inlet air temperature of 19 C.
3.2.1.3. SPF. The Institut fuer Solartechnik SPF [117] tested a lab-
scale open sorption storage with 7 kg of Zeolite 13X. Desorption
temperatures of 180 C and sorption temperatures of 20 C with
a sorption water vapor pressure of 23.4 mbar were applied. A max-
imum temperature of 70 C was reached during the sorption phase,
and 0.8 kW of discharging power at temperatures above 55 C.
3.2.1.4. ECN. Zondag et al. [46] tested a lab-scale reactor filled with
3.6 kg of MgCl26H2O in an open system configuration. A tempera-
ture rise of 15 C was found and a discharge time of 25 h was mea-
sured. A system charging storage density of 0.14 MJ/kg was
measured but the value was expected to be higher since the mate-
rial hydration was not complete.
Next, Zondag et al. [132], developed a lab-scale sorption reactor
with a volume of 17 l, in which the MgCl2-H2O working pair was
tested at realistic system operating conditions (evaporator at
10 C and reactor at 50 C assuming a heat recovery unit). The reac-tor was designed to produce 150 W of heating power with airflow
of 510 l/min at a water vapor pressure of 12 mbar. A charging tem-
perature of 130 C was used. A temperature rise of 14 C (up to
64 C) was measured, together with a thermal power of 50W. Con-
sistent heat losses in the air-to-air heat exchanger used as heat
recovery unit have been identified as the cause of the 100W power
drop and 9 C temperature drop between the reactor outlet and the
system outlet. An effective energy density of 0.5 GJ/m3 was mea-
sured. A pressure drop increase in the hydration reactor was iden-
tified and probably caused by the material deliquescence within
the reactor, causing in turn mass transfer problems. An instant
COP of 12 was measured considering 4 Wel of consumption for
the sorbate fan.
3.2.1.5. CWS-NT/ITW. Mette et al. [123] aimed at the development
of an open sorption energy storage integrated into a complete sys-
temwithin the CWS (ChemischeWarmeSpeicherung mittels rever-
sibler Feststoff-Gasreaktionen) project framework. The concept
consisted of an open sorption storage integrated with a water stor-
age (combi-store) and solar thermal collectors. Solar collectors
were used to charge the storage. The reactor concept in this system
consisted of a quasi-continuous mass flow/fixed bed previously
introduced in Section 3.1.2.
An open system was selected because of a lower technical effort
due to standard pressure operating conditions and the absence of
evaporator and condenser. An external reactor concept was
adopted with an air-to-air heat exchanger for optimal power out-
put. Material transport was driven by gravity from the storage to
the reactor with continuous or quasi-continuous mass flow, while
a vacuum blower was used to transport the material in the oppo-
site direction. A daily reservoir between the reactor and the large
storage was used. The hydration reaction happened at ambient
conditions by using the humidity of a building. An air-water heat
exchanger was used to remove or add heat into the reactor for
de/hydration. A composite material was used because pure salts
showed low reaction rates and high pressure drops due to small
salt particles in the reactor. Material experiments in a fixed bed
layout have been performed with a sorption temperature of 35 C
and 20 mbar of water vapor pressure, and a desorption tempera-
ture of 180 C. A composite made of zeolite 13X and LiCl was
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to pure zeolite. However, similar water uptake was present. This
may be due to the competing effects of a decreased amount of free
pores in which adsorption can take place, and the presence of
reacting salt filling those pores. A 2D numerical model was devel-
oped to simulate the reactor, which had a good agreement with
experimental data.
A quasi-continuous cross flow reactor concept was developed
with the aim to use the strong points of a fixed bed reactor and a
separate reactor. At the material outlet, the reactor width was
reduced allowing a faster flow. After a certain fixed period, part
of the material was removed from the bottom of the reactor. Ker-
skes et al. [133] developed further the work resulting in the CWS-
NT (Chemische WarmeSpeicherung – Niedertemperatur) system
concept (Fig. 3-4 right). A TRNSYS model was used to have a sim-
pler version of the CFD model developed by Mette et al. [123], so
that it could be integrated into a model for long-term performance
assessment at system level. The results of the system simulation,
compared to a similar system based on sensible heat storage with
water, showed an increase of yearly fractional energy saving up to
approximately 15% for various collector areas. For example, for a
collector area of 28 m2, the system had a yearly fractional energy
saving of approximately 74%. An equivalent system with a water
storage installed instead of a sorption reactor would have led to
a yearly fractional energy saving of approximately 61%. During
experiments investigating the active material flow, dead zones
were identified in the reactor. This issue was fixed by installing
guiding components at the bottom of the reactor, in order to pre-
vent a centered core flow. The authors reported a temperature lift
of approximately 20 C, and they found that 30% of the heat of
reaction was lost after the air-to-air heat exchanger. A ratio of elec-
tric consumption of the solid material transportation to useful
thermal power of 13 Wel/kWth was measured assuming an energy
density of approximately 0.67 GJ/m3.
3.2.1.6. E-HUB/ECN (2013–2014). In the framework of the European
project E-hub (2010–2014), two open sorption heat storage sys-
tems were developed. The project aim was to demonstrate the full
potential of a smart grid concept and to provide 100% on-site
renewable energy to the community members (households, power
plants, offices, etc.) with energy and data exchange [134–136].
Long-term sorption heat storage concepts were developed, in par-
ticular an open and a closed sorption system [136].
After the first prototype previously described, based on MgCl2,
the material instabilities led to a second prototype [136,137] in
which zeolite 13X was employed (lower energy density but similar
kinetics). The new prototype was made of two packed bed modules
for a total of 150 kg of zeolite, and had a material energy density of
approximately 0.21 GJ/m3. During the sorption phase, a heat recov-
ery unit increased the inlet temperature up to 40 C, allowing
higher outlet temperatures. The maximum system desorption
and sorption temperatures were approximately 185 and 70 C
(temperature step of 30 C), respectively, and the discharging
power and discharging time were 400W (flow rate of 80 m3/h)
and 30 h, respectively.
3.2.1.7. ASIC. Zettl et al. [138], from the Austrian Solar Innovation
Center (ASIC), studied an open system consisting of a rotating
drum reactor with a diameter of 0.7 m and 0.3 m depth made of
stainless steel, and filled with 50–53 kg of zeolite 4A or zeolite type
X in spherical grains with diameters of 1.6–2.5 mm. The materials
were desorbed at temperatures of 230–180 C. During adsorption,
humid air was blown into the reactor at 25 C with a water content
of 9–19 gH2O/kgair. The authors reported an initial sorption phase in
which the material is heated, lasting 1–3 h depending on the initial
hydration level of the material. Energy densities were calculatedconsidering the energy released from the reactor at a minimum
temperature step of 10 K between inlet and outlet. Values up to
0.55–0.53 GJ/m3 were measured for zeolite 4A and type X, respec-
tively, with maximum temperature lifts of approximately 36 K.
However, those values were achieved with desorption tempera-
tures higher than 230 C with a very low initial water content in
the material (<3%). The energy density measured, with a previous
desorption temperature of 180 C and humid air with a water con-
tent of 9 gwater/kgair, was 0.34 GJ/m3 for zeolite 4A referred to the
dry material, with an achieved maximum temperature step of
19 K (inlet temperature of 25 C).
3.2.1.8. ESSI. Michel et al. [51], within the ESSI project, investigated
a modular open system based on 400 kg of SrBr2 with an estimated
energy density of 0.73 GJ/m3 corresponding to 0.38 GJ of storage
capacity. The system was tested for five months performing seven
de/hydration cycles with moist air flow rates of 313–270 m3/h and
de/sorption temperatures of 80 and 25 C, respectively. During
sorption, water vapor pressures of 10–9.6 mbar were applied. A
maximum output temperature of approximately 32 C was
reported for the last sorption phase. Concerning the system con-
trol, the inlet moist air content and the equilibrium drop, defined
as the difference between the equilibrium thermodynamic condi-
tions and the system operating conditions, resulted to have a
strong influence on the reactor performance. Thermal powers mea-
sured in the middle of the sorption and desorption phases were in
the order of 0.8–0.3 kW and 1.6–0.4 kW, respectively, depending
on the cycle.
3.2.1.9. ZAE Bayern (2015). One of the most recent and largest sorp-
tion heat storage systems is described by Kronauer et al. [124]. ZAE
Bayern developed a demonstration open system for transportable
sorption heat storage purposes. Two storages with 14 t of zeolite
13X were desorbed with 130 C waste heat from an incineration
plant. The storages were then transported by trailer (Fig. 3-6 right)
for 7 km and discharged at the customer point with saturated
humid air at 60 C. A storage capacity of 0.6 MJ/kgdryzeolite was
measured, corresponding to 0.37 GJ/m3 assuming a material den-
sity of 630 kg/m3 [2]. The authors calculated that, for every cycle,
616 kg/CO2 was saved. Flow misdistribution through the storage,
and humidity variation in the airflow during sorption were
observed. Material degradation was assessed with visual inspec-
tions but, after 99 cycles, no material decomposition due to
mechanical stresses was detected. Primary energy costs of 73 €/
MW h were determined. The authors claimed that, in order to
decrease those costs to 30 €/MW h and become competitive with
oil or gas primary energy costs, a storage handling system opti-
mization and transportation of higher amounts of material, in the
order of 50 t, are necessary.
3.2.1.10. STAID (2015). Johannes et al. [139] developed an open
sorption heat storage system, STAID (Stockage Inter Saisonnier de
l’Énergie Thermique dans les Bâtiments), based on two modules
containing 40 kg of zeolite 13X each. The aim of the experimental
system, supposed to be integrated in a domestic ventilation sys-
tem, was to provide thermal energy for space heating during peak
hours. In terms of operational requirements, the system had to
deliver at least 4 kW h in a 2 h period, and the water vapor of the
humid air in the building was supposed to be used as a sorbate.
Several tests have been run with dehydration temperatures of
180–120 C and flow rates of 180–120 m3/h, while the hydration
temperature was kept at 20 C with a sorbate vapor pressure of
approximately 16.3–15.8 mbar. A maximum hydration tempera-
ture of 57 C was reached during the operation of the two modules,
which were tested both in parallel and serial configurations. Dur-
ing tests, hydration powers in the range of 2.25–1.41 kW and
Fig. 3-6. Left: 3 kW h closed system by Finck et al. [145]. Right: Sorption storage reactors of zeolite 13X transported by truck [124].
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fan and the humidifier, have been reached, respectively. The min-
imum hydration time during the tests was 6 h, largely exceeding
the minimum requirement of 2 h of operation. Assuming a mate-
rial density of 1100 kg/m3 [140], and an average bed porosity of
0.38 according to the authors, a maximum bed energy density of
approximately 0.41 GJ/m3 was reached. Concerning the system
configuration, the authors found that series configuration of the
modules was providing an inconstant thermal power compared
to the parallel configuration.
3.2.2. Closed systems
3.2.2.1. HYDES. From 1998 to 2001, the European Union funded the
project HYDES (High Energy Density Sorption Heat Storage for
Solar Space Heating) with the aim to develop a long-term low-
temperature seasonal storage of solar thermal energy for space
heating purposes. Silica Gel was the chosen active material
[130,141]. The closed adsorption system used solar thermal collec-
tors also as low temperature heat source for the evaporator. A par-
tial system charging did not give optimal results, and an energy
density 20% lower than the expected was measured (0.43 GJ/m3).
The project time schedule did not allow a proper system monitor-
ing during the entire sorption period.
3.2.2.2. MODESTORE. Jähnig et al. [131], in the framework of the
MODESTORE project, tested a new concept for a closed system
with a spiral heat exchanger layout (Fig. 3-3 left) charged with
approximately 200 kg of silica gel. The reactor consisted of a perfo-
rated copper sheet with copper pipes soldered to it. A vertical
channel in the center was used for vapor diffusion. The heat
exchanger used as evaporator and condenser was placed at the
bottom of the reactor to have a compact design. Experimental
results during the adsorption phase showed a temperature
increase of only 5 K, and a maximum transferred power of
400 W, highlighting the bad thermal conductivity of silica gel
and the limited temperature increase achievable by the material.
As main conclusion, the authors stated that silica gel was not suit-
able for heat storage purposes.
3.2.2.3. SWEAT/ECN. De Boer et al. [42] presented the results of the
SWEAT (Salt Water Energy Accumulation and Transformation) pro-
totype (Fig. 3-3 right) for solid-sorption cooling based on the Na2S-
H2O working pair. The closed system required vacuum conditions,
and the smallest amount of non-condensable gases would have
heavily affected the system performances, which is a typical issue
for this system configuration. Stainless steel was selected as reac-tor material, which gives sufficient protection from corrosion
(Table 3-2). The heat exchanger consisted of a copper wire-fin heat
exchanger (spiro-tube). Coating was crucial, and the coating mate-
rial had to have zero defects to be chemically inert to Na2S-H2O
and have a 100% barrier function. In order to keep the sorbent in
place, cellulose was used as support.
3.2.2.4. MCES. Iammak et al. [142] developed a closed chemical
energy storage (MCES) consisting of a stainless steel reactor and
an evaporator/condenser placed in line. The materials used were
175 g of Na2S9H2O and 75 g of graphite used as additive. The des-
orption temperature was in the range of 80–95 C while the max-
imum sorption temperature reached was 65.1 C. An energy
density of approximately 8 MJ/kgcomposite was measured.
3.2.2.5. SOLAR-STORE. Lahmidi et al. [50] developed a closed sys-
tem, in the framework of the EU project SOLAR-STORE, using SrBr2
and expanded natural graphite. The system consisted of a plate
heat exchanger with nozzles spraying the sorbate above the mate-
rial. Heating and cooling powers in the order of 47–49 and 27–
36 kW/m3 have been measured, respectively.
3.2.2.6. SOLAR-STORE (Solux). Mauran et al. [49], within the SOLAR-
STORE project, tested a closed system prototype (Solux) of chemi-
cal heat pump to store thermal energy based on the solid-gas reac-
tion of the SrBr2-H2O working pair with expanded natural graphite
(ENG) as supportive material. The prototype had a volume of 1 m3
and stored 0.22 and 0.14 GJ/m3 for heating and cooling, respec-
tively, with charging powers of 2.5–4 kW. Low heat transfer
between the reactive layer and the wall of the heat exchanger lim-
ited the system efficiency. The de/hydration equilibrium condi-
tions in the system during winter were 43 C and 1000 Pa.
During summer, two temperature and pressure levels were used:
66 C/5600 Pa and 52 C/2000 Pa for dehydration and hydration,
respectively. The reactor was modular with stacking of modules
consisting of plate heat exchangers between two layers of reagent,
and two diffusers at the ends. The strong points of this layout,
according to the authors, were a high ratio of reagent volume over
the reactor volume, high exchange surface related to volume, and
easy reactor scaling. The authors highlighted that the use of an
additive material could be beneficial since, being a closed system
configuration, the reactor power was an increasing function of
the ENG apparent density, while the energy density had an oppo-
site trend. Therefore, trying to maximize the energy density with
an acceptable reactor power was one of the optimization objec-
tives. The heat transfer coefficient between wall and material
L. Scapino et al. / Applied Energy 190 (2017) 920–948 941depended on how the composite was placed and maintained, but a
correlation for its prediction was missing.
3.2.2.7. Fraunhofer. Lass-Seyoum et al. [143] investigated the sorp-
tion/desorption dynamics of a closed system concept. First, mate-
rial characterization was performed by screening of micro- and
meso- porous materials. Zeolites and salts in porous matrices
(e.g. attapulgite/30 wt% CaCl2) were tested as materials. Both zeo-
lites and composites were tested for cyclability by performing five
thermal cycles up to a temperature of 200 and 120 C, respectively.
A 1.5 l reactor was first used to investigate the heat storage process
and the maximum desorption temperatures ranged from 90 to
120 C depending on the material. Next, a 15 l reactor was built
to investigate the process conditions and to test different heat
exchanger concepts with the aim to optimize the thermal conduc-
tivity and the heat transport within the system. A 750 l reactor was
then built and used to test 510 kg of an unspecified type of zeolite
dried to less than 1% of water content. During desorption, a maxi-
mum temperature of 200 C was used. In the 15 l reactor, two heat
exchangers were tested with three and seven fins. The heat
exchanger with seven fins showed better heat and mass transport,
stable heating power, and good performances during desorption
due to a better thermal conductivity within the reactor. Tests in
the 750 l reactor were not completed at a steady state, but inter-
rupted when the outlet temperature was almost at 60 C. The esti-
mated heat storage capacity was estimated to be in the range of
0.54–0.79 MJ/kg.
3.2.2.8. TNO. Cuypers et al. [144] aimed to develop a closed sorp-
tion heat storage system starting from lab-scale prototypes and
material investigations. Adsorption experiments with zeolite in a
glass reactor reached maximum temperatures of 85–88 C and
maximum specific powers of 164W/kg. In this experiment, the
authors were not removing heat from the glass reactor. Numerical
investigations on the adsorption/desorption processes were carried
out. The results led to the development of a reactor made by 2 mm
copper foils with zeolite spheres glued to them. This reactor layout
can maximize the reactor power, but the heat exchanger area per
material mass can be relatively high. In general, the reactor power
is increased by increasing the heat transfer area in the reactor
design, but the energy density decreases. Experimental results on
this setup showed a maximum temperature increase of approxi-
mately 9 C and maximum specific powers of 0.6 kW/kg in the first
1000 s of the experiment. Differently from the first experiment, the
heat was removed from the reactor flowing water in the heat
exchanger pipes. The authors investigated also an unspecified
composite material with an energy density approximately 50% of
the theoretical energy density of CaCl2, and a water uptake of
approximately 0.4 gwater/g. After five de/sorption cycles up to
250 C, no material deterioration was observed.
3.2.2.9. EHUB/TNO. Finck et al. [145], in the E-Hub project frame-
work, developed a 3 kW h closed sorption heat storage with
41 kg of zeolite 5A for space heating at 40 C. Zeolite was selected
for its hydrothermal and mechanical stability, safety, and mini-
mization of heat exchangers corrosion. Eight finned heat exchang-
ers with glued zeolite 5A on the outer surface (Fig. 3-6 left) were
packed in a parallel configuration in a cylindrical vessel of stainless
steel. A single unit fulfilling the function of evaporator and con-
denser was built. A desorption temperature of 103 C and an
adsorption temperature of 20 C were applied. The maximum tem-
perature lift was 31.2 C with an average of 20 C in the first hour
and eighteen minutes. An average heating power of 0.8 kW was
measured during adsorption. After approximately 14 h of adsorp-
tion and a final temperature difference between system inlet and
outlet of less than 0.5 K, a material and system energy densitiesof 0.17 and 0.045 GJ/m3 were measured. Assuming a minimum
useful temperature difference of 20 C, a material and system
energy density of 0.068 and 0.018 GJ/m3 would be present, respec-
tively. An up-scaled version of the 3 kW h prototype with 175 kg of
zeolite 5A was also planned with an expected system energy den-
sity of approximately 0.13 GJ/m3 resulting from the system opti-
mization [136].
3.2.3. Prototypes performance
In Table 3-3, energy densities, maximum desorption and sorp-
tion temperatures of the reviewed studies are shown. It has to be
pointed out that all the values used are those reported by the ref-
erences. Moreover, the energy density is reported based on the vol-
ume of the active material, or on the system volume, if this
information was present in the references. The energy density
based on the system volume, can be based on the reactor volume,
or including also the system components. For more information,
the reader is invited to consult the references for each prototype.
Investigations on both open and closed systems were carried out
without a clear preference for one of the two systems. On the
material level, especially for open systems, the choice of adsor-
bents or composites rather than pure salts is evident. This is
because large open systems with pure salt hydrates will face the
hydrothermal stability problems mentioned in Section 2.1.1.
Therefore, more stable materials with a lower energy density are
often preferred for systems development, waiting for new inputs
from the materials research. It can be also observed that, often,
performance parameters such as the energy density are not uni-
formly referred to e.g. the system volume or the material volume.
This makes the systems comparison difficult. In Fig. 3-7, the energy
density of some prototypes is related to their maximum desorption
temperature. The graph can give an indication on the systems per-
formance but cannot demonstrate the better suitability of one sys-
tem compared to another, and they have to be interpreted with
caution. The main reason is that energy density is only one of the
important system performance indicators. Deliverable and stable
thermal power, system thermal losses, material stability within
the system, system size and scalability, sorption temperature and
water vapor pressure during sorption are other useful indicators
that describe the system performance and suitability for a specific
application. For example, the HYDES project indicated that silica
gel was not suitable as active material since a limited temperature
step was achievable at the operating conditions of that system. ZAE
Bayern projects are in a relatively advanced stage of development
(TRL 5 [146]) compared to the analyzed prototypes. They consist of
two large systems with an energy density of 0.37–0.45 GJ/m3
already implemented in real case scenarios. Moreover, at their
operating conditions, they reach the highest adsorption tempera-
tures among the investigated systems (Fig. 3-8). In order to achieve
adsorption temperatures suitable for space heating and domestic
hot water production, relatively high desorption temperatures
are needed. Most of the systems able to deliver temperatures
above 40 C are based on zeolites, and they need desorption tem-
peratures of 180 C or higher. The system from ZAE Bayern of
2015 achieved an adsorption temperature of 160 C. However, dur-
ing discharge, the system was flushed with humid air at 60 C from
a drying plant, and due to the high water vapor pressure
(200 mbar), a very high adsorption temperature was achieved.
Therefore, the application was not for space heating and DHW pro-
duction, but it demonstrated how sorption heat storage could be
integrated in an industrial process operating at specific tempera-
ture ranges and with the possibility to generate the required water
vapor pressure. Finally, it is noticeable that all the systems with a
sorption temperature suitable for DHW production, higher than
60 C, are based on zeolite 13X. As already mentioned in Sec-
tion 2.1.2, systems based on these materials would result particu-
Table 3-3
Summary of the sorption heat storage systems based on solid/gas reaction with water vapor as sorbate investigated for long-term low-temperature heat storage.
Project
name/
institution
Year Scope Active
material
Amount
(kg)
Additive
material
Type E (GJ/m3) E
(MJ/
kg)
Pch
(kW)
Pdisch
(kW)
Tdes (C) Tsorp
(C)
Max
DTsorp
(C)
Max
Tsorp
(C)
p(H2O)
(mbar)
tch (h) tdisch
(h)
Cost
(k€)
Refs.
ZAE Bayern 1997 HS
&CS
Zeolite
13X
7000 – O 0.45MH0.36MC – 135H 130H50C 130H80C 25–
30
80 110 42 6.5H9.5C 6H12C 60S [74,117,130]
HYDES 1998 HS Silica Gel 1600 – C 0.43M – 1.7 2.87 82 – – 32 – 29 9 – [117,130,141,147]
SWEAT/ECN 2004 CS Na2S 3 Cellulose C 2.81MH1.84MC – 1.2 0.5–0.7 86–77 25–
15
– – 12–17 4 4 – [23,42]
MCES 2004 HS
&CS
Na2S – Graphite C – 8 – 0.15–0.24 95–80 – – – – – – – [117,142]
SOLAR-
STORE
2006 HS
&CS
SrBr2 – ENG C – – – 48VC27–
36VH
70H80C – – 35 23 14 4 – [50]
MonoSorp 2006 HS Zeolite 4A 70 – O 0.58M0.43S – 2–
2.5
1–1.5 180 20 22 42 9 – – 2.5–
3.5MV
[117]
SPF 2006 HS Zeolite
13X
7 – O 0.65M0.21S – – 0.8–1.8 180 – – 70 23 – – 2–3MV [117]
MODESTORE 2006 HS Silica Gel 200 – C 0.18M0.12S – 1–
1.5
0.5–1 88 – – – 19–35 – – 4.3MV [117,131,147]
SOLAR-
STORE
(Solux)
2008 HS &
CS
SrBr2 171.3 ENG C 0.22SH0.14SC – 2.5–
4
– 80–70 – – 35H18C 10H20C 6–8 6–8 – [49]
CWS-NT/
ITW
2011 HS LiCl – Zeolite 13X O 0.67MA – – 0.4 180 35 20 55 20 – – – [123,133]
Fraunhofer 2012 HS Zeolites/
CaCl2
Various Attapulgite
Poolkohl
C – 0.54–
0.79A
– 0.019–
0.05W
90–200 30 – – 42 – – – [143]
TNO 2012 HS Zeolites/
Composite
– – O – – – 0.6W – – 9 29 – – – – [144]
ECN 2013 HS MgCl2 9 – O 0.5S – – 0.15 130 – – 64 12 – 40 – [132,136]
E-HUB/TNO 2014 HS Zeolite 5A 41 – C 0.17M0.045S – 12 0.8 103 20 31.2 51.2 23 – 14 – [136,145]
E-HUB/ECN 2014 HS Zeolite
13X
150 – O 0.21M* – 2 0.4 185 25–
60
– 70 12 48 30 – [136,137]
ASIC 2014 HS Zeolite
4A/X
53–50 – O 0.55–0.34S – – 1.5 >230–
180
25 36–19 84–44 25–12 – 10 – [138,148]
ESSI 2014 HS SrBr2 400 – O 0.73s – 1.6–
0.4
0.8–0.4 80 25 7 32 10 75–95 60–
250
[51]
ZAE Bayern 2015 HS Zeolite
13X
14,000 – O 0.37M* 0.6 255 125 130 60 – 160 199 12 16 89.5S–
324S
[124]
STAID 2015 HS Zeolite
13X
80 – O 0.41M – – 2.25 180–
120
20 37 57 16 6 6–14 – [139]
 Type: O = Open system; C = Closed system  Purpose: HS = heat storage; CS = Cold storage.
 Superscripts: A = Assumed by the authors; M = Material-based; S = System-based; H = Heating mode; C = Cooling mode; W = per kilogram; V = per m3; *Assuming a material density of 630 kg/m3 [149].
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material. An exception was the lab prototype from ECN based on
MgCl2, which reached a maximum temperature of 64 C (tempera-
ture step of 14 C), but as already mentioned, the material
hydrothermal instability was a main issue.3.2.4. Ongoing research
Beside the abovementioned systems, research on long-term
low-temperature sorption heat storage is ongoing in various
projects.3.2.4.1. COMTES (2012–2016). In the COMTES (Combined Develop-
ment of Compact Thermal Energy Storage Technologies) frame-
work [150–153], the development of liquid and solid sorption10 20 30
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Fig. 3-8. Prototypes sorption water vapor psystems for seasonal heat storage purposes is carried out. In partic-
ular, a closed modular solid sorption system with a fixed bed layout
based on the MODESTORE project is designed. The active material is
zeolite 13XBF. The system is designed to supply heat for space heat-
ing and DHW with an additional backup heater. A prototype with a
reactor of approximately 300 l and 164 kg of zeolite produced a
maximum sorption temperature of 75 C and had ameasured energy
density of 0.4 GJ/m3. The main issue was a too high pressure drop
over the evaporator. The output power was controlled through vapor
flow control. A further prototype with 2 t of zeolite is being tested.3.2.4.2. SOTHERCO (2012–2016). The main project objective is to
develop a compact and modular sorption storage system
[151,154]. First, composite materials were studied [155] with the40 50 180 200
ZAE Bayern (1997)
ORE
ZAE Bayern (2015)
ssure (mbar)
ressure vs max sorption temperature.
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energy density. Then, the reactor development took place, and a
modular configuration was developed. Currently, upscaling of the
system is being investigated and a real scale unit with a separate
reactor layout has been developed together with the sorbent trans-
port system. The reactor uses vibrating beds for sorbent transport
within the reactor.
3.2.4.3. MERITS (2012–2016). The MERITS consortium aims to
develop a compact rechargeable heat battery to optimize the use
of renewable energy sources for heating, cooling and domestic hot
water in new and existing dwellings [156]. A closed modular sorp-
tion system using Na2S is used as long-term storage, and desorption
heat is provided by solar thermal collectors. The reactor consists of
air/water finned tubes heat exchangers with active material present
on the finned surface [120]. Currently, a real scale prototype has
been built and it is tested in various European locations.
3.2.4.4. SolSpaces and EnErChem. The Institute of Thermodynamics
and Thermal Engineering (ITW) at the University of Stuttgart, after
the MonoSorp project experience, is continuing the research on
sorption energy storage with two projects. SolSpaces [157–159]
deals with the development of an open sorption system that is
tested in a prefabricated compact house of 43 m2. The active mate-
rial is zeolite, which is desorbed at 180 C during summer by the
solar thermal collectors. EnErChem [160] follows the research of
the CWS project, an open sorption system with separate reactor,
with the aim to integrate it with CHP and photovoltaic plants.
3.3. Conclusions on prototypes review
Concerning sorption heat storage prototypes, research is address-
ing both open and closed systems. Modular or separate reactors are
the concepts towards which the research is directing, especially for
open systems. This is due to the better sorbate transport achievable
in these layouts, implying lower pressure drops and energy con-
sumption of auxiliary systems. However, especially for separate
reactors, only few prototypes are currently studied. Further investi-
gations on separate reactors should be done to asses which materials
and materials shapes are suitable for this kind of reactor concept.
As active materials for systems prototypes, zeolites are typically
used, especially in open systems where mass transport is the lim-
iting step and it could be heavily reduced by the material instabil-
ities. Regarding closed systems, beside adsorbents, also sodium
sulfide and strontium bromide have been investigated. In particu-
lar, sodium sulfide is promising in terms of energy density but it
requires materials resistant to corrosion. Performance in terms of
energy density, sorption and desorption temperatures have been
reported for the investigated prototypes. Often, the energy density
was referred to the active material volume or to the system vol-
ume. This aspect has to be carefully considered since the energy
density can seriously drop by considering the volume of all the sys-
tem components. To conclude, further considerations on the proto-
types comparison was not possible due to a lack of homogeneous
data, also due to the intrinsic differences within each prototype
investigated.4. Discussions and conclusions
4.1. Discussions
Sorption heat storage for long-term low-temperature applica-
tions has still challenges to face at both micro- and macro-scale
levels. Research is still ongoing in order to find unhazardous and
low cost sorbent materials with a hydrothermal stability at systemoperating conditions and a sufficiently high energy density to
make a system commercially feasible. Currently, composite mate-
rials are investigated because they have the potential to overcome
the disadvantages of pure salt hydrates by increasing their
hydrothermal stability. This is done by mixing or impregnating salt
hydrates with highly porous host matrices or powders. However,
problems in heat and mass transport still can arise due to the
reduction of empty pores, possible deliquescence and leakage of
the salt from the composite, and degradation. To this regard, fur-
ther research is needed to overcome these problems and to under-
stand extensively the kinetics of a composite material, which does
not follow a typical behavior of a salt hydrate nor of an adsorbent.
Various prototype reactors and systems were developed by the sci-
entific community to study the performances of sorption materials
at macro-scale. Open and closed solid sorption systems have been
analyzed and compared. Among the reviewed prototypes, mostly
systems based on zeolites were able to achieve temperatures suit-
able for space heating or DHW production. For these systems, rel-
atively high desorption temperatures were required, unachievable,
for example, by conventional solar thermal collectors.
To make future research comparable, the development of uni-
form key performance indicators for compact heat storage to be
used by the entire scientific community would be a consistent step
towards understanding what are the optimal choices and perfor-
mances from the material and system points of view. For example,
a consistent way to define energy density is advisable. Due to the
presence of different system layouts and various levels of develop-
ment, it can be useful to define multiple energy densities related to
different investigation scales. At material-scale, beside the crystal
energy density, often used for salt hydrates, experimental energy
density should be always measured through TGA/DSC experiments
on material samples in which the macro structure and operating
conditions are taken into account (sorbate pressure, temperature
cycles, etc.). This first indicator (Em) can give information about
the material suitability and stability at chosen operating condi-
tions. In this case, the energy density is referred to the material
weight, or if measurable, to the volume occupied by the sample.
At reactor-scale, the effective energy density is influenced by addi-
tional phenomena related to heat loss, uniformity of reaction and
power distribution over time. Therefore, a second indicator (Er)
can be useful to define the energy density taking into account
the reactor domain. This energy density value is often based on
the volume of the active material in the reactor, but should be
based on the overall reactor volume including walls and insulation.
At this stage of development, auxiliary systems are simulated by
the lab equipment, and do not have to be taken into account. At
system-scale (Es), the volume of auxiliary components (e.g. heat
exchangers, fans, humidifiers, etc.) should be included in the
energy density calculation together with their eventual energy
consumption. The domain boundaries are the system inlets and
outlets i.e. from and to other applications and infrastructures. In
calculating energy density indicators, temperatures and sorbent
vapor pressure at charging and discharging conditions should be
always mentioned. By comparing the energy densities at different
scales, it is also possible to identify what are the system compo-
nents that decrease most the system performance.
It has to be pointed out that a decrease in the energy density by
increasing the research scale is inevitable because more system
components are taken into account while the energy potentially
stored in the active material remains the same.
Future research on sorption heat storage systems at different
scales could make use of similar indicators to compare experimen-
tal studies in a more homogeneous way.
Finally, only in few studies considerations about the economic
feasibility of the systems were made. This is mainly because the
research is still at material- and lab-scales; therefore, wide eco-
L. Scapino et al. / Applied Energy 190 (2017) 920–948 945nomic investigations would probably lead to misleading results.
However, where possible, basic key performance indicators related
to e.g. materials cost, system complexity and system ancillary
energy consumption can be drawn with the aim to have a first
rough estimation of the system profitability. When working proto-
types almost at commercial-scale are developed, additional eco-
nomic considerations related to system operation, such as
lifetime and operation and maintenance costs, could be included
with the aim to define and evaluate a business case. By considering
economic aspects at the earliest stages of the research, the scien-
tific community can focus its efforts on research paths considering
technical and economic feasibilities.
4.2. Conclusions
To conclude, further research on long-term low-temperature
sorption heat storage should take into account the following
considerations:
 Research at material level is still needed to find a suitable active
material with sufficient energy density, hydrothermal stability
and cyclability at system operating conditions. Composite
materials are promising but further research on host/active
material working pairs is still necessary.
 Modular reactor layouts, especially in open systems, have to be
preferred to limit the pressure drops that in turn increase the
auxiliary systems consumption. Separate reactors with efficient
material transport systems can further increase the system per-
formance by decreasing the overall reactor thermal mass.
 To make future research on sorption heat storage comparable,
common key performance indicators should be adopted by
the research community. For example, energy density at differ-
ent research stages should be calculated defining a common ref-
erence temperature. Moreover, together with the energy
density, the appropriate volume should be specified, which
depends on the research scale (material, reactor, system).
 Economic considerations should be taken into account from the
earliest stages of the research. Materials cost can already pro-
vide indications on the profitability of a future system in an
intended application. When increasing the scale, all the compo-
nents and auxiliary systems should be taken into account for
the cost estimation.Acknowledgements
This project receives the support of the European Union, the
European Regional Development Fund ERDF, Flanders Innovation
& Entrepreneurship and the Province of Limburg. TU/e has received
funding from European Union’s Horizon 2020 research and innova-
tion programme under grant agreement No 657466 (INPATH-TES).
The results of this study can contribute to the development of edu-
cational material within INPATH-TES.
References
[1] Cook J, Nuccitelli D, Green SA, Richardson M, Winkler B, Painting R, et al.
Quantifying the consensus on anthropogenic global warming in the scientific
literature. Environ Res Lett 2013;7. http://dx.doi.org/10.1016/j.
enpol.2014.06.003.
[2] Rafiq S, Salim R, Nielsen I. Urbanization, openness, emissions and energy
intensity: a study of increasingly urbanized emerging economies. Energy
Econ 2016;56:20–8. http://dx.doi.org/10.1016/j.eneco.2016.02.007.
[3] Blarke MB, Lund H. The effectiveness of storage and relocation options in
renewable energy systems. Renew Energy 2008;33:1499–507. http://dx.doi.
org/10.1016/j.renene.2007.09.001.
[4] Blarke MB, Jenkins BM. SuperGrid or SmartGrid: competing strategies for
large-scale integration of intermittent renewables? Energy Policy
2013;58:381–90. http://dx.doi.org/10.1016/j.enpol.2013.03.039.[5] Lund PD, Lindgren J, Mikkola J, Salpakari J. Review of energy system flexibility
measures to enable high levels of variable renewable electricity. Renew
Sustain Energy Rev 2015;45:785–807. http://dx.doi.org/10.1016/j.
rser.2015.01.057.
[6] Kalaiselvam S, Parameshwaran R. Energy storage. Therm. energy storage
Technol Sustain - Syst Des Assess Appl. Elsevier Inc; 2014. p. 21–56. http://dx.
doi.org/10.1016/B978-0-12-417291-3.00002-5.
[7] Kousksou T, Bruel P, Jamil A, El Rhafiki T, Zeraouli Y. Energy storage:
applications and challenges. Sol Energy Mater Sol Cells 2014;120:59–80.
http://dx.doi.org/10.1016/j.solmat.2013.08.015.
[8] IEA-ETSAP, IRENA. Thermal energy storage - technology brief; 2013.
[9] IRENA, IEA-ETSAP. Technology brief - electricity storage; 2012.
[10] IEA. technology roadmap - energy storage. Paris; 2014.
[11] Kalaiselvam S, Parameshwaran R. Seasonal thermal energy storage. Therm
energy storage Technol Sustain - Syst Des Assess Appl. Elsevier Inc; 2014. p.
145–62. http://dx.doi.org/10.1016/B978-0-12-417291-3.00007-4.
[12] Gao L, Zhao J, Tang Z. A review on borehole seasonal solar thermal energy
storage. Energy procedia, vol. 70. Elsevier B.V; 2015. p. 209–18. http://dx.doi.
org/10.1016/j.egypro.2015.02.117.
[13] Pinel P, Cruickshank Ca, Beausoleil-Morrison I, Wills A. A review of available
methods for seasonal storage of solar thermal energy in residential
applications. Renew Sustain Energy Rev 2011;15:3341–59. http://dx.doi.
org/10.1016/j.rser.2011.04.013.
[14] Pielichowska K, Pielichowski K. Phase change materials for thermal energy
storage. Prog Mater Sci 2014;65:67–123. http://dx.doi.org/10.1016/j.
pmatsci.2014.03.005.
[15] Nkwetta DN, Haghighat F. Thermal energy storage with phase change
material - a state-of-the art review. Sustain Cities Soc 2014;10:87–100.
http://dx.doi.org/10.1016/j.scs.2013.05.007.
[16] Sharif MKA, Al-abidi AA, Mat S, Sopian K, Ruslan MH. Review of the
application of phase change material for heating and domestic hot water
systems. Renew Sustain Energy Rev 2015;42:557–68. http://dx.doi.org/
10.1016/j.rser.2014.09.034.
[17] Lapillonne B, Sebi C, Pollier K, Mairet N. Energy efficiency trends in buildings
in the EU 2015.
[18] Yu N, Wang RZ, Wang LW. Sorption thermal storage for solar energy. Prog
Energy Combust Sci 2013;39:489–514. http://dx.doi.org/10.1016/j.
pecs.2013.05.004 Review.
[19] Xu J, Wang RZ, Li Y. A review of available technologies for seasonal thermal
energy storage. Sol Energy 2013;103:610–38. http://dx.doi.org/10.1016/
j.solener.2013.06.006.
[20] Aydin D, Casey SP, Riffat S. The latest advancements on thermochemical heat
storage systems. Renew Sustain Energy Rev 2015;41:356–67. http://dx.doi.
org/10.1016/j.rser.2014.08.054.
[21] Ervin G. Solar heat storage using chemical reactions. J Solid State Chem
1977;22:51–61. http://dx.doi.org/10.1016/0022-4596(77)90188-8.
[22] Ding Y, Riffat S. Thermochemical energy storage technologies for building
applications: a state-of-the-art review. Int J Low-Carbon Technol
2012;8:106–16. http://dx.doi.org/10.1093/ijlct/cts004.
[23] N’Tsoukpoe KE, Liu H, Le Pierrès N, Luo L. A review on long-term sorption
solar energy storage. Renew Sustain Energy Rev 2009;13:2385–96. http://dx.
doi.org/10.1016/j.rser.2009.05.008.
[24] Solé A, Martorell I, Cabeza LF. State of the art on gas–solid thermochemical
energy storage systems and reactors for building applications. Renew Sustain
Energy Rev 2015;47:386–98. http://dx.doi.org/10.1016/j.rser.2015.03.077.
[25] Nic M, Jirat J, Kosata B. IUPAC compendium of chemical terminology. Oxford;
2006. http://dx.doi.org/10.1351/goldbook.
[26] Srivastava NC, Eames IW. A review of adsorbents and adsorbates in solid–
vapour adsorption heat pump systems. Appl Therm Eng 1998;18:707–14.
http://dx.doi.org/10.1016/S1359-4311(97)00106-3.
[27] Bales C. Thermal properties of materials for thermo-chemical storage of solar
heat; 2005.
[28] Yan T, Wang RZ, Li TX, Wang LW, Fred IT. A review of promising candidate
reactions for chemical heat storage. Renew Sustain Energy Rev
2015;43:13–31. http://dx.doi.org/10.1016/j.rser.2014.11.015.
[29] Wentworth WE, Chen E. Simple thermal decomposition reactions for storage
of solar thermal energy. Sol Energy 1976;18:205–14. http://dx.doi.org/
10.1016/0038-092X(76)90019-0.
[30] van Essen VM, Zondag HA, Cot-Gores J, Bleijendaal LPJ, Bakker M, Schuitema
R, et al. Characterization of MgSO4 hydrate for thermochemical seasonal heat
storage. J Sol Energy Eng 2009;131:41014. http://dx.doi.org/10.1115/
1.4000275.
[31] van Essen VM, Cot-Gores J, Bleijendaal LPJ, Zondag HA, Schuitema R, Bakker
M, et al. 3rd Int Conf Energy Sustain 2009:825–30. http://dx.doi.org/10.1115/
ES2009-90289.
[32] Ferchaud CJ, Zondag HA, de Boer R, Rindt CCM. Characterization of the
sorption process in thermochemical materials for seasonal solar heat storage
application. In: Innostock 2012. Proc 12th int conf energy storage. p. 1–10.
[33] Ferchaud CJ, Scherpenborg RAA, Zondag HA, de Boer R. Thermochemical
seasonal solar heat storage in salt hydrates for residential applications –
influence of the water vapor pressure on the desorption kinetics of
MgSO47H2O. Energy procedia. Elsevier B.V; 2014. p. 2436–40. http://dx.doi.
org/10.1016/j.egypro.2014.10.252. vol. 57.
[34] Ferchaud CJ. Experimental study of salt hydrates for thermochemical
seasonal heat storage. Technische Universiteit Eindhoven; 2016.
946 L. Scapino et al. / Applied Energy 190 (2017) 920–948[35] Bertsch F, Mette B, Asenbeck S, Kerskes H, Müller-Steinhagen H. Low
temperature chemical heat storage–an investigation of hydration reactions.
In: Effstock conf stock. p. 1–8.
[36] Linnow K, Niermann M, Bonatz D, Posern K, Steiger M. Experimental studies
of the mechanism and kinetics of hydration reactions. Energy procedia, vol.
48. Elsevier B.V; 2014. p. 394–404. http://dx.doi.org/10.1016/
j.egypro.2014.02.046.
[37] Donkers PAJ, Pel L, Adan OCG. Experimental studies for the cyclability of salt
hydrates for thermochemical heat storage. J Energy Storage 2016;5:25–32.
http://dx.doi.org/10.1016/j.est.2015.11.005.
[38] Brunberg E-Å, Alfven H, Babic M, Herlofson N. Method of storing energy and
system for carrying out this method. WO 81/01726; 1981.
[39] Brunberg EA. The tepidus system for seasonal heat storage and for cooling. Int
semin thermochem. Energy storage, Stockholm, Sweden 1980.
[40] Brunberg E-Å. Double-duty heat pump stores chemical heat, too. Pop Sci [n.d.].
[41] de Boer R, Haije WG, Veldhuis JBJ. Determination of structural,
thermodynamic and phase properties in the Na2S–H2O system for
application in a chemical heat pump. Thermochim Acta 2003;395:3–19.
[42] de Boer R, Haije WG, Veldhuis JBJ, Smeding S. Solid-sorption cooling with
integrated thermal storage the SWEAT prototype. In: Int conf heat powered
cycles, Larnaca, Cyprus.
[43] Trausel F, de Jong AJ, Cuypers R. A review on the properties of salt hydrates
for thermochemical storage. SHC 2013. International conference on solar
heating and cooling for buildings and industry, vol. 48. Elsevier B.V; 2014. p.
447–52. http://dx.doi.org/10.1016/j.egypro.2014.02.053.
[44] Huang Q, Lu G, Wang J, Yu J. Thermal decomposition mechanisms of
MgCl26H2O and MgCl2H2O. J Anal Appl Pyrolysis 2011;91:159–64. http://dx.
doi.org/10.1016/j.jaap.2011.02.005.
[45] Ferchaud CJ, Zondag HA, Rubino A. Seasonal sorption heat storage – research
on thermochemical materials and storage performance. In: Proc heat power
cycle 2012, Alkmaar, the Netherlands. p. 1–7.
[46] Zondag HA, van Essen VM, Bleijendaal LPJ, Kikkert B, Bakker M. Application of
MgCl26H2O for thermochemical seasonal solar heat storage. In: 5th Int
renew energy storage conf. IRES 2010, Berlin, Germany.
[47] Rammelberg HU, Schmidt T, Ruck WKL. Hydration and dehydration of salt
hydrates and hydroxides for thermal energy storage - kinetics and energy
release. Energy procedia, vol. 30. Elsevier B.V; 2012. http://dx.doi.org/
10.1016/j.egypro.2012.11.043.
[48] Michel B, Mazet N, Mauran S, Stitou D, Xu J. Thermochemical process for
seasonal storage of solar energy: characterization and modeling of a high
density reactive bed. Energy 2012;47:553–63. http://dx.doi.org/10.1016/j.
energy.2012.09.029.
[49] Mauran S, Lahmidi H, Goetz V. Solar heating and cooling by a thermochemical
process. First experiments of a prototype storing 60 kW h by a solid/gas
reaction. Sol Energy 2008;82:623–36. http://dx.doi.org/10.1016/
j.solener.2008.01.002.
[50] Lahmidi H, Mauran S, Goetz V. Definition, test and simulation of a
thermochemical storage process adapted to solar thermal systems. Sol
Energy 2006;80:883–93. http://dx.doi.org/10.1016/j.solener.2005.01.014.
[51] Michel B, Mazet N, Neveu P. Experimental investigation of an innovative
thermochemical process operating with a hydrate salt and moist air for
thermal storage of solar energy: global performance. Appl Energy
2014;129:177–86. http://dx.doi.org/10.1016/j.apenergy.2014.04.073.
[52] Sigma-Aldrich. Copper(II) sulfate [n.d.]. http://www.
sigmaaldrich.com/catalog/search?term=copperiisulfate15961775898711&
interface=Substance&N=0&mode=partialmax&lang=en&region=NL&focus=
product [accessed August 14, 2015].
[53] Barreneche C, Fernández AI, Cabeza LF, Cuypers R. Thermophysical
characterization and thermal cycling stability of two TCM: CaCl2 and
zeolite. Appl Energy 2014;137:726–30. http://dx.doi.org/10.1016/j.
apenergy.2014.09.025.
[54] Fumey B, Weber R, Gantenbein P, Daguenet-Frick X, Hughes I, Dorer V.
Limitations imposed on energy density of sorption materials in seasonal
thermal storage systems. Energy procedia, vol. 70. Elsevier B.V; 2015. p.
203–8. http://dx.doi.org/10.1016/j.egypro.2015.02.116.
[55] N’Tsoukpoe KE, Schmidt T, Rammelberg HU, Watts BA, Ruck WKL. A
systematic multi-step screening of numerous salt hydrates for low
temperature thermochemical energy storage. Appl Energy 2014;124:1–16.
http://dx.doi.org/10.1016/j.apenergy.2014.02.053.
[56] Fujii I, Tsuchiya K, Higano M, Yamada J. Studies of an energy storage system
by use of the reversible chemical reaction: CaO + H2O  Ca(OH)2. Sol Energy
1985;34:367–77. http://dx.doi.org/10.1016/0038-092X(85)90049-0.
[57] Kato Y, Sasaki Y, Yoshizawa Y. Magnesium oxide/water chemical heat pump
to enhance energy utilization of a cogeneration system. Energy
2005;30:2144–55. http://dx.doi.org/10.1016/j.energy.2004.08.019.
[58] Kato Y, Takahashi F, Watanabe A, Yoshizawa Y. Thermal performance of a
packed bed reactor of a chemical heat pump for cogeneration. In: IChemE’s
res 2000 conf, vol. 78. Bath, UK; 2000. p. 2–5.
[59] Kato Y, Minakami A, Li G, Yoshizawa Y. Operability of a thermally driven
magnesium oxide/water chemical heat pump. Can J Chem Eng
2001;79:536–41.
[60] Kato Y, Takahashi R, Sekiguchi T, Ryu J. Study on medium-temperature
chemical heat storage using mixed hydroxides. Int J Refrig 2009;32:661–6.
http://dx.doi.org/10.1016/j.ijrefrig.2009.01.032.[61] Ishitobi H, Uruma K, Takeuchi M, Ryu J, Kato Y. Dehydration and hydration
behavior of metal-salt-modified materials for chemical heat pumps. Appl
Therm Eng 2013;50:1639–44. http://dx.doi.org/10.1016/j.
applthermaleng.2011.07.020.
[62] Kato Y, Yamashita N, Kobayashi K, Yoshio Y. Kinetic study of the hydration of
magnesium oxide for a chemical heat pump. Appl Therm Eng
1996;16:853–62. http://dx.doi.org/10.1016/1359-4311(96)00009-9.
[63] Pardo P, Deydier A, Anxionnaz-Minvielle Z, Rougé S, Cabassud M, Cognet P. A
review on high temperature thermochemical heat energy storage. Renew
Sustain Energy Rev 2014;32:591–610. http://dx.doi.org/10.1016/j.
rser.2013.12.014.
[64] Li T, Wang R, Kiplagat JK. A target-oriented solid-gas thermochemical
sorption heat transformer for integrated energy storage and energy
upgrade. AIChE J 2013;59:1334–47. http://dx.doi.org/10.1002/aic.13899.
[65] Cot-Gores J, Castell A, Cabeza LF. Thermochemical energy storage and
conversion: a-state-of-the-art review of the experimental research under
practical conditions. Renew Sustain Energy Rev 2012;16:5207–24. http://dx.
doi.org/10.1016/j.rser.2012.04.007.
[66] Li T, Wang R, Kiplagat JK, Kang Y. Performance analysis of an integrated
energy storage and energy upgrade thermochemical solid-gas sorption
system for seasonal storage of solar thermal energy. Energy
2013;50:454–67. http://dx.doi.org/10.1016/j.energy.2012.11.043.
[67] Sakamoto Y, Yamamoto H. Performance of thermal energy storage unit using
solid ammoniated salt (CaCl2NH3 system). Nat Resour 2014:337–42. http://
dx.doi.org/10.4236/nr.2014.5803.
[68] Deng S. Sorbent technology. Encycl Chem Process 2006:2825–45. http://dx.
doi.org/10.1081/E-ECHP-120007963.
[69] Jänchen J, Ackermann D, Stach H, Brösicke W. Studies of the water adsorption
on zeolites and modified mesoporous materials for seasonal storage of solar
heat. Sol Energy 2004;76:339–44. http://dx.doi.org/10.1016/
j.solener.2003.07.036.
[70] Mette B, Kerskes H, Drück H, Müller-Steinhagen H. Experimental and
numerical investigations on the water vapor adsorption isotherms and
kinetics of binderless zeolite 13X. Int J Heat Mass Transf 2014;71:555–61.
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2013.12.061.
[71] Shigeishi RA, Langford CH, Hollebone BR. Solar energy storage using chemical
potential changes associated with drying of zeolites. Sol Energy
1979;23:489–95. http://dx.doi.org/10.1016/0038-09279)90072-0.
[72] Gantenbein P, Rindt CCM. Collection of experimental data on the behavior of
TCM/PCM-materials to bench-mark numerical codes; 2012.
[73] Alefeld G, Maier-Laxhuber P, Rothmeyer M. Thermochemical heat storage and
heat transformation with zeolites as adsorbents. In: Millhone JP, Willis EH,
editors. Proc IEA conf new energy conserv technol their commer. Berlin:
Springer Verlag; 1981, p. 796–819.
[74] Hauer A. Thermal energy storage with zeolite for heating and cooling
applications. In: 2nd Int heat powered cycles conf - cool heat power gener
syst, Paris. p. 343–8.
[75] Wilson S, Lok BM. Aluminophosphate molecular sieves: a new class of
microporous crystalline inorganic solids. J Am Chem Soc 1982:1146–7. http://
dx.doi.org/10.1021/ja00368a062.
[76] Lok BM, Messina Ca, Patton RL, Gajek RT, Cannan TR, Flanigen EM.
Silicoaluminophosphate molecular sieves: another new class of microporus
crystalline inorganic solids. J Am Chem Soc 1984;106:6092–3.
[77] Ristic´ A, Logar NZ, Henninger SK, Kaucˇicˇ V. The performance of small-pore
microporous aluminophosphates in low-temperature solar energy storage:
the structure-property relationship. Adv Funct Mater 2012;22:1952–7.
http://dx.doi.org/10.1002/adfm.201102734.
[78] Jänchen J, Ackermann D, Weiler E, Stach H, Brösicke W. Calorimetric
investigation on zeolites, AlPO4’s and CaCl2 impregnated attapulgite for
thermochemical storage of heat. Thermochim Acta 2005;434:37–41. http://
dx.doi.org/10.1016/j.tca.2005.01.009.
[79] Henninger SK, Schmidt FP, Henning HM. Water adsorption characteristics of
novel materials for heat transformation applications. Appl Therm Eng
2010;30:1692–702. http://dx.doi.org/10.1016/j.applthermaleng.2010.03.028.
[80] Rowsell JLC, Yaghi OM. Metal-organic frameworks: a new class of porous
materials. Microporous Mesoporous Mater 2004;73:3–14. http://dx.doi.org/
10.1016/j.micromeso.2004.03.034.
[81] Henninger SK, Jeremias F, Kummer H, Janiak C. MOFs for use in adsorption
heat pump processes. Eur J Inorg Chem 2012:2625–34. http://dx.doi.org/
10.1002/ejic.201101056.
[82] Ehrenmann J, Henninger SK, Janiak C. Water adsorption characteristics of
MIL-101 for heat-transformation applications of MOFs. Eur J Inorg Chem
2011:471–4. http://dx.doi.org/10.1002/ejic.201001156.
[83] Henninger SK, Habib Ha, Janiak C. MOFs as adsorbents for low temperature
heating and cooling applications. J Am Chem Soc 2009;131:2776–7. http://dx.
doi.org/10.1021/ja808444z.
[84] Gao L, Chi-Ying V, Hoi Y, Kwong-Yu C. Supplementary information -
functionalized MIL-101(Cr) metal-organic framework for enhanced
hydrogen release from ammonia borane at low temperature. R soc chem
2013 - electron suppl mater chem commun 2013;13. http://dx.doi.org/
10.1038/nature0.
[85] Sigma-Aldrich. MIL-101 supplemental information; 2015. http://www.
sigmaaldrich.com/technical-documents/articles/materials-science/metal-
organic-frameworks/mil-101.html [accessed August 6, 2015].
L. Scapino et al. / Applied Energy 190 (2017) 920–948 947[86] Zeeshan N, Jie Z, Fei W. Drastic enhancement of propene yield from 1-hexene
catalytic cracking using a shape intensified Meso-SAPO-34 catalyst. J Eng Sci
Technol 2009;4:409–18.
[87] Yu N, Wang RZ, Lu ZS, Wang LW. Study on consolidated composite sorbents
impregnated with LiCl for thermal energy storage. Int J Heat Mass Transf
2015;84:660–70. http://dx.doi.org/10.1016/j.ijheatmasstransfer.2015.01.065.
[88] Druske MM, Fopah-Lele A, Korhammer K, Rammelberg HU, Wegscheider N,
Ruck WKL, et al. Developed Materials for Thermal Energy Storage: Synthesis
and Characterization. In: Energy procedia. 2014: Elsevier B.V; 2014. p. 96–9.
http://dx.doi.org/10.1016/j.egypro.2014.11.915. vol. 61.
[89] Fopah-Lele A, Korhammer K, Wegscheider N, Rammelberg HU, Schmidt T,
Ruck WKL. Thermal conductivity measurement of salt hydrates as porous
material using calorimetric (Dsc) method. In: 8th World conf exp heat transf
fluid mech thermodyn; 2013. p. 2–6.
[90] Simonova IA, Aristov YI. Sorption properties of calcium nitrate dispersed in
silica gel: the effect of pore size. Russ J Phys Chem; 79:1307–11 [n.d.].
[91] Aristov YI. Novel materials for adsorptive heat pumping and storage:
screening and nanotailoring of sorption properties. J Chem Eng Jpn
2007;40:1242–51. http://dx.doi.org/10.1252/jcej.07WE228.
[92] Aristov YI, Glaznev IS, Freni A, Restuccia G. Kinetics of water sorption on SWS-
1L (calcium chloride confined to mesoporous silica gel): influence of grain
size and temperature. Chem Eng Sci 2006;61:1453–8. http://dx.doi.org/
10.1016/j.ces.2005.08.033.
[93] Casey SP, Elvins J, Riffat S, Robinson A. Salt impregnated desiccant matrices
for ‘‘open” thermochemical energy storage—selection, synthesis and
characterisation of candidate materials. Energy Build 2014;84:412–25.
http://dx.doi.org/10.1016/j.enbuild.2014.08.028.
[94] Liu H, Nagano K, Togawa J. A composite material made of mesoporous
siliceous shale impregnated with lithium chloride for an open sorption
thermal energy storage system. Sol Energy 2015;111:186–200. http://dx.doi.
org/10.1016/j.solener.2014.10.044.
[95] Opel O, Rammelberg HU, Gerard M, Ruck WKL. Thermochemical storage
materials research - Tga/Dsc-hydration studies; 2006.
[96] Tanashev YY, Krainov AV, Aristov YI. Thermal conductivity of composite
sorbents ‘‘salt in porous matrix” for heat storage and transformation. Appl
Therm Eng 2013;61:401–7. http://dx.doi.org/10.1016/j.
applthermaleng.2013.08.022.
[97] Tae Kim S, Ryu J, Kato Y. Reactivity enhancement of chemical materials used
in packed bed reactor of chemical heat pump. Prog Nucl Energy
2011;53:1027–33. http://dx.doi.org/10.1016/j.pnucene.2011.05.013.
[98] Ponomarenko IV, Glaznev IS, Gubar AV, Aristov YI, Kirik SD. Synthesis and
water sorption properties of a new composite ‘‘CaCl2 confined into SBA-15
pores”. Microporous Mesoporous Mater 2010;129:243–50. http://dx.doi.org/
10.1016/j.micromeso.2009.09.023.
[99] Hongois S, Kuznik F, Stevens P, Roux JJ. Development and characterisation of a
new MgSO4-zeolite composite for long-term thermal energy storage. Sol
Energy Mater Sol Cells 2011;95:1831–7. http://dx.doi.org/10.1016/
j.solmat.2011.01.050.
[100] Posern K, Kaps C. Calorimetric studies of thermochemical heat storage
materials based on mixtures of MgSO4 and MgCl2. Thermochim Acta
2010;502:73–6. http://dx.doi.org/10.1016/j.tca.2010.02.009.
[101] Ristic´ A, Maucˇec D, Henninger SK, Kaucˇicˇ V. New two-component water
sorbent CaCl2-FeKIL2 for solar thermal energy storage. Microporous
Mesoporous Mater 2012;164:266–72. http://dx.doi.org/10.1016/j.
micromeso.2012.06.054.
[102] Korhammer K, Druske M-M, Fopah-Lele A, Rammelberg HU, Wegscheider N,
Opel O, et al. Sorption and thermal characterization of composite materials
based on chlorides for thermal energy storage. Appl Energy
2016;162:1462–72. http://dx.doi.org/10.1016/j.apenergy.2015.08.037.
[103] Apogee Interactive Inc. Absorption chillers [n.d.]. http://cipco.apogee.net/ces/
library/tcac.asp [accessed September 14, 2015].
[104] Kong D, Liu J, Zhang L, He H, Fang Z. Thermodynamic and experimental
analysis of an ammonia-water absorption chiller. Energy Power Eng
2010;2:298–305. http://dx.doi.org/10.4236/epe.2010.24042.
[105] Srikhirin P, Aphornratana S, Chungpaibulpatana S. A review of absorption
refrigeration technologies. Renew Sustain Energy Rev 2001;5:343–72. http://
dx.doi.org/10.1016/S1364-0321(01)00003-X.
[106] Liu H, N’Tsoukpoe KE, Nolwenn LP, Luo L. Evaluation of a seasonal storage
system of solar energy for house heating using different absorption couples.
Energy Convers Manage 2011;52:2427–36. http://dx.doi.org/10.1016/j.
enconman.2010.12.049.
[107] Grassie SL, Sheridan NR. Modelling of a solar-operated absorption air
conditioner system with refrigerant storage. Sol Energy 1977;19:691–700.
http://dx.doi.org/10.1016/0038-092X(77)90031-7.
[108] Xu SM, Huang XD, Du R. An investigation of the solar powered absorption
refrigeration system with advanced energy storage technology. Sol Energy
2011;85:1794–804. http://dx.doi.org/10.1016/j.solener.2011.04.022.
[109] Voigt H. Heat pumping and transforming processes with intrinsic storage.
Energy Convers Manage 1985;25:381–6.
[110] Liu H, Le Pierrès N, Luo L. Seasonal storage of solar energy for house heating
by different absorption couples. In: 11th Int conf energy storage, Effstock,
Stockholm, Sweden. p. 1–8 [n.d.].
[111] Weber R, Dorer V. Long-term heat storage with NaOH. Vacuum
2008;82:708–16. http://dx.doi.org/10.1016/j.vacuum.2007.10.018.
[112] Fumey B, Weber R, Gantenbein P, Daguenet-Frick X, Stoller S, Fricker R, et al.
Operation results of a closed sorption heat storage prototype. In: Energyprocedia, vol. 73. Elsevier B.V.; 2015. p. 324–30. http://dx.doi.org/10.1016/
j.egypro.2015.07.698.
[113] Fumey B, Weber R, Gantenbein P, Daguenet-Frick X, Williamson T, Dorer V,
et al. Experience on the development of a thermo-chemical storage system
based on aqueous sodium hydroxide. In: Energy procedia, vol. 57. Elsevier B.
V.; 2014. p. 2370–9. http://dx.doi.org/10.1016/j.egypro.2014.10.245.
[114] Fumey B, Weber R, Gantenbein P, Daguenet-Frick X, Williamson T, Dorer V.
Closed sorption heat storage based on aqueous sodium hydroxide. In: Energy
procedia, vol. 48. Elsevier B.V.; 2014. p. 337–46. http://dx.doi.org/10.1016/
j.egypro.2014.02.039.
[115] Fumey B, Weber R, Gantenbein P, Daguenet-Frick X, Williamson T, Dorer V.
Development of a closed sorption heat storage prototype. In: Energy
procedia, vol. 46. Elsevier B.V.; 2014. p. 134–41. http://dx.doi.org/10.1016/
j.egypro.2014.01.166.
[116] Lourdudoss S, Stymne H. An energy storing absorption heat pump process.
Int J Energy Res 1987;11:263–74. http://dx.doi.org/10.1002/er.4440110208.
[117] Bales C, Gantenbein P, Jaenig D, Kerskes H, Summer K, van Essen VM, et al.
Laboratory tests of chemical reactions and prototype sorption storage units.
Borlange; 2008.
[118] Siddiqui MU, Said SAM. A review of solar powered absorption systems.
Renew Sustain Energy Rev 2015;42:93–115. http://dx.doi.org/10.1016/j.
rser.2014.10.01.
[119] Wu W, Wang B, Shi W, Li X. An overview of ammonia-based absorption
chillers and heat pumps. Renew Sustain Energy Rev 2014;31:681–707.
http://dx.doi.org/10.1016/j.rser.2013.12.021.
[120] de Jong A-J, Trausel F, Finck C, Van Vliet L, Cuypers R. Thermochemical heat
storage - system design issues. In: Energy procedia, vol. 48. Elsevier B.V.;
2014. p. 309–19. http://dx.doi.org/10.1016/j.egypro.2014.02.036.
[121] Abedin AH, Rosen MA. Closed and open thermochemical energy storage:
energy- and exergy-based comparisons. Energy 2012;41:83–92. http://dx.
doi.org/10.1016/j.energy.2011.06.03.
[122] N’Tsoukpoe KE, Restuccia G, Schmidt T, Py X. The size of sorbents in low
pressure sorption or thermochemical energy storage processes. Energy
2014;77:983–98. http://dx.doi.org/10.1016/j.energy.2014.10.013.
[123] Mette B, Kerskes H. Process and reactor design for thermo-chemical energy
stores. In: ISES sol world congr, Kassel, Germany; 2011. p. 1–12.
[124] Krönauer A, Lävemann E, Hauer A. Mobile sorption heat storage in industrial
waste heat recovery. In: 9th Int renew energy storage conf IRES 2015, vol. 73.
Elsevier B.V.; 2015. p. 1–8. http://dx.doi.org/10.1016/j.egypro.2015.07.688.
[125] Hauer A, Gschwander S, Kato Y, Martin V, Schossig P, Setterwall F.
Transportation of energy by utilization of thermal energy storage
technology - final report; 2010.
[126] Mette B, Kerskes H, Drück H, Müller-Steinhagen H. New highly efficient
regeneration process for thermochemical energy storage. Appl Energy
2013;109:352–9. http://dx.doi.org/10.1016/j.apenergy.2013.01.087.
[127] Zondag HA, van Essen VM, Schuitema R, Bleijendaal LPJ, Kalbasenka A, van
Helden WGJ, et al. Engineering assessment of reactor designs for
thermochemical storage of solar heat. Effstock, Stockholm, Sweden; 2009.
p. 1–8.
[128] Kerskes H, Mette B, Bertsch F, Asenbeck S, Drück H. Chemical energy storage
using reversible solid/gas-reactions (CWS) - results of the research project.
Energy Proc 2012;30:294–304. http://dx.doi.org/10.1016/
j.egypro.2012.11.035.
[129] Solé A, Miró L, Barreneche C, Martorell I, Cabeza LF. Corrosion test of salt
hydrates and vessel metals for thermochemical energy storage. Energy Proc
2014;48:431–5. http://dx.doi.org/10.1016/j.egypro.2014.02.050.
[130] Hauer A. Adsorption systems for TES—design and demonstration projects. In:
Therm energy storage sustain energy consum. IOS Press, Springer, NATO;
2007. p. 409–27. http://dx.doi.org/10.1016/0378-7788(89)90020-0.
[131] Jähnig D, Hausner R, Wagner W, Isaksson C. Thermo-chemical storage for
solar space heating in a single-family house. In: Ecostock conf, New Jersey, 31
May–02 June; 2006. p. 1–7.
[132] Zondag HA, Kikkert B, Smeding S, de Boer R, Bakker M. Prototype
thermochemical heat storage with open reactor system. Appl Energy
2013;109:360–5. http://dx.doi.org/10.1016/j.apenergy.2013.01.082.
[133] Kerskes H, Mette B, Bertsch F, Asenbeck S, Drück H. Development of a
thermo-chemical energy storage for solar thermal applications. In: ISES, sol
world congr, Kassel, Germany; 2011
[134] Koene FGH. Energy hub - district heating, cooling & power with on-site
renewable energy [n.d.]. http://www.e-hub.org [accessed August 13, 2015].
[135] Koene FGH. Energy-hub for residential and commercial districts and
transport - D8.7 public version of final report; 2015.
[136] de Boer R, Vanhoudt D, Claessens B, De Ridder F, Reynders G, Cuypers R, et al.
Energy-hub for residential and commercial districts and transport - D3.2
report on a combination of thermal storage techniques and components;
2014.
[137] de Boer R, Smeding S, Zondag HA, Krol G. Development of a prototype system
for seasonal solar heat storage using an open sorption process. In: Eurotherm
semin, #99 - adv therm energy storage; 2014. p. 1–9.
[138] Zettl B, Englmair G, Steinmaurer G. Development of a revolving drum reactor
for open-sorption heat storage processes. Appl Therm Eng 2014;70:42–9.
http://dx.doi.org/10.1016/j.applthermaleng.2014.04.069.
[139] Johannes K, Kuznik F, Hubert JL, Durier F, Obrecht C. Design and
characterisation of a high powered energy dense zeolite thermal energy
storage system for buildings. Appl Energy 2015;159:80–6. http://dx.doi.org/
10.1016/j.apenergy.2015.08.109.
948 L. Scapino et al. / Applied Energy 190 (2017) 920–948[140] Aesar Alfa. Safety data sheet molecular sieve. Type 13X 2015:1–10.
[141] Nunez T, Henning HM, Mittelbach W. High energy density heat storage
system - achievements and future work. In: ISES 2003, sol world congr sol
energy a sustain futur, Göteborg; 2003.
[142] Iammak K, Wongsuwan W, Kiatsiriroj T. Investigation of modular chemical
energy storage performance. In: Proc jt int conf energy environ, Hua Hin,
Thailand; 2004.
[143] Lass-Seyoum A, Blicker M, Borozdenko D, Friedrich T, Langhof T. Transfer of
laboratory results on closed sorption thermo-chemical energy storage to a
large-scale technical system. In: SHC 2012, vol. 30; 2012. p. 310–20. http://
dx.doi.org/10.1016/j.egypro.2012.11.037. [The Authors]
[144] Cuypers R, Maraz N, Eversdijk J, Finck C, Henquet E, Oversloot H, et al.
Development of a seasonal thermochemical storage system. Energy Proc
2012;30:207–14. http://dx.doi.org/10.1016/j.egypro.2012.11.025.
[145] Finck C, Henquet E, Van Soest C, Oversloot H, de Jong A-J, Cuypers R, et al.
Experimental results of a 3 kW h thermochemical heat storage module for
space heating application. In: Energy Proc, vol. 48. Elsevier B.V.; 2014. p. 320–
6. http://dx.doi.org/10.1016/j.egypro.2014.02.037.
[146] EARTO. The TRL scale as a research & innovation policy tool. EARTO
recommendations; 2014.
[147] Gartler G, Jähnig D, Purkarthofer G, Wagner W. Development of a high energy
density sorption storage system - basic principles of an adsorption heat
storage system. Eurosun; 2003.
[148] Zettl B, Englmair G, Somitsch W. An open sorption heat storage concept and
materials for building heat supply. In: Energy procedia, vol. 73. Elsevier B.V.;
2015. p. 297–304. http://dx.doi.org/10.1016/j.egypro.2015.07.692.
[149] Zhengzhou Gold Mountain Science and Technique Co. Ltd. Molecular Sieve
Zeolite 13X [n.d.]. http://www.adsorbentcn.com/13x.htm [accessed August
17, 2015].
[150] van Helden WGJ. COMTES - combined development of compact seasonal
thermal energy storage technologies; 2013.[151] van Helden WGJ. FP7 - European projects on seasonal solar thermal storage
applications; 2014.
[152] van Helden WGJ. Combined Development of Compact Thermal Energy Storage
Technologies [n.d.]. http://www.aee-intec.at/index.php?seitenName=
projekteDetail&projekteId=161 [accessed August 13, 2015].
[153] van HeldenWGJ. Compact thermal storage R&D in IEA T4224 and EU COMTES
project; 2012.
[154] Descy GG. SoTherCo - Solar Thermochemical Compact Storage system; 2015.
http://www.sotherco.eu/midterm.php?lang=en.
[155] D’Ans P, Hohenauer W, Courbon E, Frère M, Degrez M, Descy G. Monitoring of
thermal properties of a composite material used in thermochemical heat
storage. In: Eurotherm semin, #99 - adv therm energy storage; 2014. p. 1–9.
[156] MERITS - a rechargeable heat battery [n.d.]. http://www.merits.eu.
[157] Lavars N. Solspaces project to test year-round solar heating system. In:
Gizmag 2013. http://www.gizmag.com/solspace-longterm-solar-heat/
29996/ [accessed August 20, 2015].
[158] Institute for Thermodynamics and Thermal Engineering. SolSpaces -
development and testing of a self-sufficient solar heat supply for energy-
efficient compact building [n.d.]. http://www.itw.uni-stuttgart.de/forschung/
projekte/aktuell/solspaces.html [accessed August 20, 2015].
[159] BINE - Information Service. Seasonal sorption storage systems - storing
summer heat until winter. Energy Res Appl 2014:2. http://www.bine.info/
en/topics/energy-systems/heating-cooling-storage/news/die-
sommerwaerme-bis-zum-winter-speichern/?type=123&filename=Die%
252520Sommerw%2525C3%2525A4rme%252520bis%252520zum%
252520Winter%252520speichern&cHash=
e02f7ad8d0ac9f70f22121830280fdac [accessed August 20, 2015].
[160] Institute for Thermodynamics and Thermal Engineering. ENERCHEM -
development and testing of chemical-sorptive long-term heat storage unit
for the heating of buildings 2013. http://www.itw.uni-stuttgart.
de/forschung/projekte/aktuell/EnErChem [accessed August 20, 2015].
